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Abstract
High concentration photovoltaics (HCPV) promise a more efficient, higher power output than
traditional photovoltaic modules. This is achieved by concentrating sunlight onto a small 1 cm2
triple junction (CTJ) InGaP/InGaAs/Ge cell by using precision optics.
In order to achieve high performance, careful and informed design decisions must be made
in the development of a HCPV module . This project investigated the design of a HCPV
module and is divided into sections that concentrate on the optical design, thermal dissipation
and electrical characterization of a concentration triple junction cell. The first HCPV module
(Module I) design was based on the Sandia III Baseline Fresnel module which comprised of a
Fresnel lens and truncated reflective secondary as the optical elements. The parameters of the
CTJ cell in Module I increased with increased concentration. This included the short circuit
current, open circuit voltage, power and efficiency. The best performance achieved was at 336
times operational concentration which produced 10.3 W per cell, a cell efficiency of 38.4 %, and
module efficiency of 24.2 %.
Investigation of the optical subsystem revealed that the optics played a large role in the opera-
tion of the CTJ cell. Characterization of the optical elements showed a transmission loss of 15
% of concentrated sunlight for the irradiance of which 66 % of the loss occurred in wavelength
region where the InGaP subcell is active. Characterization of the optical subsystem indicated
regions of non-uniform irradiance and spectral intensity across the CTJ cell surface.
The optical subsystem caused the InGaP subcell of the series monolithic connected CTJ cell to
be current limiting. This was confirmed by the CTJ cell having the same short circuit current
as the InGaP subcell.
The performance of the CTJ cell decreased with an increase in operational temperature. A
form of thermal dissipation was needed as 168 times more heat needs to be dissipated when
compared to a flat plate photovoltaic module. The thermal dissipation was achieved by passive
means with a heat sink which reduced the operational temperature of the CTJ cell from 50 oC
to 21 oC above ambient.
Cell damage was noted in Module I due to bubbles in the encapsulation epoxy bursting from a
high, non-uniform intensity distribution.
The development of the second module (Module II) employed a pre-monitoring criteria that
characterized the CTJ cells and eliminated faulty cells from the system. These criteria included
iv
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visual inspection of the cell, electroluminescence and one sun current-voltage (I-V) characteristic
curves.
Module II was designed as separate units which comprised of a Fresnel lens, refractive secondary,
CTJ cell and heatsink. The optimal configuration between the two modules were compared.
The CTJ cells in module II showed no form of degradation in the I-V characteristics and in the
detected defects. The units under thermal and optical stress showed a progressive degradation.
A feature in the I-V curve at V > Vmax was noted for the thermally stressed unit. This feature
in the I-V curve may be attributed to the breakdown of the Ge subcell in the CTJ cell.
Based on the results obtained from the two experimental HCPV modules, recommendations
for an optimal HCPV module were made.
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Chapter 1
Concentration Photovoltaics
Introduction
High concentration photovoltaic (HCPV) systems offer a cost effective solution to the global
power crisis faced by the world today. Using easily attainable, source-able balance of system
materials to concentrate sunlight, the standard commercial flat plate photovoltaic (PV) module
silicon cells can be replaced with highly efficient, III-V multi-junction cells (MJC). The rest of
the module comprises of relatively cheap optical elements such as lenses and mirrors with the
aim to collect, concentrate and evenly distribute the direct incident solar flux onto a small cell.
1.1 The History of HCPV
The concept of concentrators was first conceived in the late 1970’s as an alternative energy
means to replace the dependence on fossil fuels. The shortfall seen at this time was not that of
the technology (even though basic at the time), but its placement into a relevant market.
For small commercial applications, the hurdle was competition with flat plate PV modules.
The need for HCPV modules to actively track the sun to utilise the full benefit of the available
direct solar energy to achieve high power yields was seen to hinder its potential in the small
market. This lead to commercial businesses to opt for the traditional flat plate as it was easier
to integrate to the building structures and to the utility grid at the present time [4].
On a larger scale, the technology saw competition from both standard generation technologies
like fossil fuels and renewables such as wind and biomass. The downfall was the cost of in-
stallation, as the standard generation infrastructure was already in place. In addition , the
development was also seen to be unnecessary due to low fuel costs at the time [2]. Even com-
peting with other renewable energy technologies such as wind and flat plate PV, the costs at
that time seemed to be too high.
However, with the decrease in the cost of high-grade III-V semiconductor materials and the
improvement in III-V semiconductor technologies, the viability of HCPV has become more
1
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feasible in the last few years and can complete with other technologies on the larger utility
scale.
1.2 HCPV
The past few years have seen the development of HCPV modules into the larger energy market
as a means of competitive renewable energy. The development has seen strides from the first
module developed by National Sandia Laboratories, the Sandia I, which used a single Fresnel
lens as the optical element focusing the sunlight onto a silicon cell, to advanced technologies
such as that of Solfocus which uses an complex integrated mirror-to-mirror-to-lens optical set
up to concentrate sunlight onto a multi-junction cell.
Although very different in their design and making use of 30 years of technology development,
the fundamental design issues have remained the same over the years. Namely,
• the use of a two axis trackers,
• the use of high quality and precise optical elements,
• thermal management,
• illumination distribution, and
• cell’s electrical configuration into a module.
The performance, cost and reliability of the module system are governed by the above para-
meters and are the three fundamental reasons for the development for HCPV. If any of these
conditions are not met, the feasibility of the system will be in question.
1.3 HCPV Modules of Today
In recent years, the development of HCPV have seen technological growths in the major gov-
erning fields of optics, thermal management, device manufacturing and module fabrication.
Companies such as Solfocus, Amonix and Concentrix have patented designs and already have
systems operating in the commercial market.
The main driving force behind the growth of HCPV development in latter years is the increasing
efficiency of concentrator cells; developing from the silicon cells, which have an peak efficiency
of 19% of in the 1980s to the monolithic III-V multi-junction cells of today which have reached
a record high efficiency of 41.6% (Boeing-Spectrolab [2]).
Figure 1.1 shows the development of the efficiencies of relevant flat plate PV and HCPV cells
[2]. Coupled to the increase in efficiency of the HCPV cells is the cost effectiveness associated
with the technology development and increased production.
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Figure 1.1: Timeline of cell efficiencies of different device technologies.
The combination of semiconductor materials in a stacked formation has shown an increase in
the efficiency of the cell due to the series connected subcells’ ability to function in different
designated wavelength ranges. At the present time, the triple-junction cell is the most efficient
at 41.6%. However, multi-junction cells with more than 3 junctions are in development and
have theoretical higher efficiencies of 58% [2].
Thus a combination of the highly efficient multi-junction cells with the developed high quality
optics and two axis tracking can:
1. Increases the amount of energy captured during the day, which in-turn, decreases the cost
per kilowatt (US$/kW) as more power is produced from solar tracking with the HCPV
module.
2. Increase power output using high concentrations and higher efficient cells.
3. Decrease in costs and saving of valuable and high quality semiconductor material as less
is used for manufacturing.
Achieving these goals, the total cost of deploying these systems in the renewable energy market
will see a decrease in HCPV pricing to a low cost of 0.27 US$/kWh for 2011 and a projection
of 0.14 US$/kWh for 2015 [5].
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1.4 Outline of Thesis
Chapter 2 will provide the basic background and theory on the workings of the HCPV module
and multi-junction (MJ) cell. Chapter 3 will address the design considerations, the factors
that one must investigate and consider for the design of an optimal HCPV module. Chapter
4 discusses the design and building of the first concentrator module. The investigation of the
efficiency, performance and reliability as a function of the design will be addressed. Chapter 5
will discuss the second module design and the improvements made as well as the performance
of the module. Conclusions from the design and performance of the HCPV module system as
well as recommendations will be contained in Chapter 6.
Chapter 2
Theory
Introduction
In this chapter, the theoretical aspects of the components used to develop the HCPV module
system will be discussed. Classification and understanding of the components that make up
the HCPV module is needed. As the HCPV module uses an integrated system of optics,
thermodynamics and electricity to ensure good operation, performance and reliability. This
chapter divides the HCPV system into sections, focusing on how the power is provided to the
system, defining a calculation of concentration ratios, the classification of the optical systems,
thermal management and device properties and operation.
2.1 Concentrating Sunlight
Knowledge of the concentration factor is essential to the operation of the system as it is used
to determine the efficiency and performance capability of the HCPV module. As there are
many terms used to define the concentration factor, it is very important to know what each
one describes.
Two common terms used to define the modules are based on:
• the placement in the market, defined by the module’s relative aperture size of the optical
receiver, and
• the performance of the HCPV module under operation.
2.1.1 Concentration Factor
2.1.1.1 Geometric Concentration Factor
For market placement the geometric concentration (Xg) is used. Since HCPV modules use rel-
atively small receivers ranging from 1 cm2 to 1 mm2 in area, the Xg is the ratio of the projection
5
CHAPTER 2. THEORY 6
area or vector area of the concentrator’s optical receiver aperture area (Ar) to the active device
area (Ad) [6]. Figure 2.1 illustrates the basic concept of the geometric concentration ratio.
Figure 2.1: Illustration of the geometric concentration.
Figure 2.1 shows the light rays entering the primary optical element from the top, passing
through an area Ar, and being concentrated onto a smaller receiver with area Ad. The amount
of sunlight (energy) incident onto the small receiver is the same as the larger. Hence the
geometric concentration can be described as
Xg =
Ar
Ad
(2.1)
However, Equation 2.1 is not an accurate representation of the operation and performance of
the module [2] as the equation only defines the level of concentration and thus places the system
into a relative category.
2.1.1.2 Operational Concentration Factor
A better representation of the performance of the HCPV module is the operational concentra-
tion factor (X0) [2, 7]. X0 includes the combined effect of the photons interacting with the
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optical materials and device, while factoring in the relative losses due to the interactions and
physical construction of the module.
The X0 is thus the ratio of the measured irradiance of the module under concentration (Irx)
to the irradiance at one-sun concentration (Ir1).
Xo =
Irx
Ir1
(2.2)
Since there is a linear relationship F between the short circuit current (Isc) and the irradiance,
(F is dependent on device material and its fabrication), the irradiance can be replaced by the
factor F and its respective Isc value [6].
Xo =
F.Iscx
F.Isc1
(2.3)
The F factors cancel and the operational concentration value is given as
Xo =
Iscx
Isc1
(2.4)
Where Iscx and Isc1 are the measured short circuit current under concentration and at one-sun
respectively.
Equation 2.4 thus gives the operational concentration factor that takes into account all the
interactions, misalignments and optical performance of the cell’s capsule.
Notice that
Xg  Xo (2.5)
This is due to the imperfections in the optical material as well as the reflective and absorption
losses.
2.1.2 Solar Irradiance and Spectrum
As with flat-plate PV systems, the dependence on irradiance is crucial for the operation of the
HCPV systems. However, due to HCPV systems employing multi-junction cells (MJC), which
utilise a broader range of the solar spectrum, further discussion of the solar spectrum content
and irradiance is appropriate.
Solar irradiance is the integrated frequency spectrum of electromagnetic (EM) radiation emit-
ted by the sun. The radiation which the sun radiates is close to that of a blackbody with a
temperature of about 5800 K. The result is a EM spectrum ranging from 200 nm− 2500 nm
with a blackbody intensity profile [2, 4].
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Figure 2.2 shows the difference of spectral intensity and content for extraterrestrial sunlight
and terrestrial irradiance due to atmospheric absorption.
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Figure 2.2: Graph showing the difference between extraterrestrial and terrestrial irradiance [8].
The blue line represents the spectral profile for the solar constant of 1361 W.m−2 that is
incident on the upper layer of the earth’s atmosphere [8]. Terrestrial irradiance, represented by
the red line, is known as the global irradiance (AM1.5). Due to interactions of the atmospheric
molecules such as oxygen, ozone, water and carbon dioxide with the incident sunlight, a decrease
is seen in the irradiance and spectral content [4]. The loss in irradiance from the extraterrestrial
to the terrestrial amounted to 406.3 W.m−2 reducing the solar constant to 954.7 W.m−2.
Global irradiance (Ir) can be broken down further.
Ir = Ird + Irs + Ira (2.6)
where
• Ird is the light rays that are perpendicular to the earth surface,
• Irs is the light rays that are scattered at different angles by the atmosphere, and
• Ira, the Albedo radiation which are light rays that are reflected back from the earth’s
surface.
A concentrator system generally utilises a substantial portion of direct terrestrial solar radiation
AM1.5D (Ird) shown in Figure 2.2 as the green line. As the optical elements are designed to
utilise parallel rays perpendicular to the optical receiver’s surface, other irradiance values such
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as the Irs, which amount to roughly 15 % [6] of the total irradiance, are seen as a “loss”. Albedo
radiation is ignored in the case of concentrators because of the HCPV module primary optical
aperture facing the sun directly.
In addition, the sun is not a static entity but a dynamic one. The solar spectrum changes
with the movement of the sun throughout the day as it passes through changes of atmospheric
optical density as well as being influenced by environmental conditions which cause a change
in the spectrum content.
This is very important for the operation of the MJC and further investigation and discussion
follows in Chapter 3.
2.1.3 Tracking
The requirement of direct solar irradiance for concentration means that the HCPV system must
continuously face the sun for operation. The use of tracking is essential for the workings of the
HCPV module as it insures that the incoming irradiance is direct.
There are many models of trackers available on the energy market today. They are divided
into single or dual axis trackers which are further subdivided into active and passive trackers.
Figure 2.3 is a collection of photographs showing the active two axis tracker and control system
used in this study.
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Figure 2.3: Photographs of Fiena 9m tracking system’s (a) frame structure, (b) gearing mech-
anism, (c) controller system and (d) solar sensor.
In Figure 2.3, the Fiena 9M two axis tracker used in this study shows:
• the frame structure used to mount the HCPV modules and the north facing orientation
of the tracker,
• both the horizontal and vertical gearing system which drives the motion of the tracker,
• the controller which interfaces with the sensor which controls the tracker’s movement,
and
• the tracker’s sensor and pyrheliometer used for motion control and irradiance measure-
ments respectively.
The design utilised in the study is a pedestal form tracker that uses a central fixed pedestal
which supports an H-bar array structure (North facing). The movement of the tracker is based
on the turning of the horizontal and vertical gear who’s operation is governed by the trackers
sensor [9]. The sensor is mounted perpendicular to the H-bar structure so as to ensure that
direct irradiance is incident onto the support structure.
The movement of the tracker is dictated by the motor controller which also uses a signal
received from the sensor. The programme utilised by the tracker is both an active and passive
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system. The tracker tracks the light intensity on a minute cycle. A programmed direct solar
intensity is preset into the system to initiate active tracking. If the value is not met due to
environmental factors like haze and cloud reducing the intensity, the passive programme is used
via preprogrammed global position system (GPS) coordinates which keeps the tracker facing
the vicinity of the sun. When the intensity increases to above the determined level, the minute
cycle starts again and actively tracks the sun once more.
The advantage of this system is that it allows for the tracker to continuously face the sun,
regardless of environmental conditions. This allows for fast active tracking and eliminates
tracker correction time in the event of cloud cover.
However, solar trackers are not perfect systems and tracking errors are inherent. These errors
result mainly from:
• the influence of wind load. This is the jarring motion experienced by the tracker’s H-
bar structure both in the horizontal and vertical plane due to the influence of high wind
conditions [10].
• the influence of the load stress. This is caused by the bending of the H-bar supports due
to the physical load of the module on the structure [4].
• inaccuracy of the sensor. This is caused by the sensor being installed incorrectly and/or
the sensors alignment not being adjusted due to load stress [2].
These factors must be taken into account when designing a HCPV system. Tracking tolerance
must be incorporated into the design in order to ensure maximum power output from the setup.
2.2 HCPV Optical Systems
The most important part of the operation of HCPV systems is that of the optical configuration
and the precession and quality of the optical elements. Although there are many methods and
designs to concentrate sunlight, the optics must meet certain criteria in order to achieve optimal
operation of a HCPV system.
These criteria include:
• the collection and concentration of light,
• to increase the acceptance angle of incident light onto the receiver to minimise back
reflection, and
• to distribute the solar spectrum and intensity uniformly across the device surface.
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This is achieved by combining the use of primary and secondary optical elements which are
reflective or refractive in nature. The system can comprise of both primary and secondary
optical elements being reflective or refractive and/or a combination of both in any configuration.
Hence the optical system can be divided into two operational fields as discussed in more detail
below.
2.2.1 Primary Optics
2.2.1.1 Fresnel Lens
Traditionally if one wanted to use a refractive means of concentrating sunlight, a glass lens
would be used. To increase the focal length of a spherical convex lens, the thickness of the lens
would be increased, thus increasing the amount of material used and weight. This would be
impractical as the amount of material used would increase the weight and cost of the HCPV
module. To remedy this and meet the optical criteria as described above, a Fresnel lens is used.
A Fresnel lens is a light, thin, relatively flat alternative to the traditional glass lens that features
the same properties as a curved glass lens used to concentrate incident sunlight. Figure 2.4(a)
shows the flat lens structure, Figure 2.4(b) shows the size advantage due to facets and Figure
2.4(c) shows the optical losses due to interaction with the facet of the Fresnel lens are shown.
Figure 2.4: Illustrations showing the (a) structure, (b) size advantage and (c) optical losses of
a Fresnel lens.
The decrease in lens thickness is achieved by creating concentric facets known as Fresnel zones
which mimic the curvature of a spherical glass lens, identified in Figure 2.4(a) and Figure 2.4(b).
The Fresnel lenses are made out of an acrylic, Poly (methyl methacrylate) (PMMA) and
polycarbonate materials and are manufactured by compression moulding. This allows for the
manufacturing of single and parquet lenses in any shape or size.
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As an optical element Fresnel lenses are non-imaging which means they do not form an image
of the source. This is beneficial to HCPV as the incident light rays are more condensed which
in turn increases the concentration capability of the lens close to the thermodynamic limit [11].
However, even though the capability of concentration is increased because of it being a non-
imaging lens, the performance of the lens is decreased due to the:
• absorption of the Fresnel lens material. Depending on the material, absorption occurs at
different wavelengths, resulting in an average transmission of 90 % [12],
• loss due to reflection of light from the lens,
• scattering due to non-sharp edges as illustrated in Figure 2.4(c) via path 2,
• weathering of the lens due to environmental conditions as well as “yellowing” caused by
absorption of ultraviolet light,
• having a non-zero vertical draft angle. A positive draft angle (the minimum angle need
to release the lens from the mould) of at least 20 is needed to remove lens from the mould
[4]. Figure 2.4 shows a negative draft angle that hinders the separation of the lens from
the mould. A negative draft angle also causes scattering of refracted sunlight, and
• non-zero radius dips and valleys. The physical space between the facets that does not
contribute to concentration [11].
Classification is essential for the operation of the HCPV module and is discussed further in
Chapter 3.
2.2.2 Secondary Optics
The function of the secondary optical elements is to increase the concentration ratio, the ac-
ceptance angle from the primary optical element and to distribute the concentrated solar flux
uniformly across the device’s surface. There are two ways to achieve this.
2.2.2.1 Reflective Secondary
Reflective secondaries utilise mirrors in the form of highly reflective aluminium sheeting with
reflectance of 95 % to reflect the incident solar flux [13]. Figure 2.5 shows a schematic diagram
of incident light rays reflecting off the reflectors surface towards the receiver’s aperture.
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Figure 2.5: Schematic drawing of reflective secondary reflecting light rays towards the device
aperture.
2.2.2.2 Refractive Secondary
Refractive secondaries utilise glass formed lenses that refract the light onto the cell’s surface.
The difference is that refractive optical elements have to make physical contact with the receiver
in order to transfer the light energy in the cell, reducing any loss that would result from spillage
from the sides of the interface. Figure 2.6 shows the schematic diagram of incident light rays
being refracted by the glass secondary, through the glass optical medium to the receiver’s
aperture.
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Figure 2.6: Schematic drawing of refractive secondary refracting light rays towards the device
aperture.
In Figure 2.6, the light rays entering the glass secondary are refracted towards the receiver.
The advantage of the glass secondary is that no light is lost to reflection internally. Light will
bounce around inside the glass secondary until it finds the receiver, whereas with reflective
secondaries, back scattering can occur.
There is a optical interface medium needed between the secondary and cell with the same optical
density as the lens. This allows for the light energy to pass to the device without traveling
through a different optical medium, like air, and having any further loss.
2.3 HCPV Thermal Heat Dissipation Systems
Concentrating light onto a MJC also increases the temperature of the cell drastically. Therefore,
the deployment of a thermal dissipation system must be introduced. In HCPV systems the
irradiance is increased by a factor of 500 Xo to 0.5 MW.m−2. Natural convection and radiation
used by traditional PV modules will not be sufficient to dissipate the heat of this magnitude
away from the MJC. The addition of a passive means such as a heatsink is introduced to aid
in the dissipation of heat.
In order to determine the size of the heatsink, the thermal load needs to be identified. This is
defined as
Pth ' Pin − Pout (2.7)
CHAPTER 2. THEORY 16
where Pth is the thermal load, Pin is the power in and Pout is the electrical power produced by
the MJC.
The temperature gradient (Td) of the MCJ is
Td = Tm − Tamb (2.8)
where Tm is the measured temperature under operation of the back of the CTJ cell and Tamb
the ambient temperature.
The thermal resistance (Rth) is thus
Rth =
Td
Pth
(2.9)
This will determine the thermal resistance of the MCJ. The choose of a heatsink and thermal
contact whose dimensions and properties allow for a thermal resistance less than that of the
cell, will result in good thermal dissipation from the cell.
2.3.1 Heatsink Size
In Figure 2.7 the schematic of a heatsink is shown.
Figure 2.7: Schematic drawing of a heatsink.
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Thermal resistance of the heatsink (Rhs) is defined as
Rhs = Rb +Rf (2.10)
where Rb and Rf is the thermal resistance of the base and fins, respectively.
Hence the Rhs becomes
Rhs =
tb
kAb
+
1
nhfWf (tf + 2ηfLf )
(2.11)
where tb is the thickness of the heatsink base, k the thermal conductivity of the material, Ab
the area of the heatsink, n the number of fins, hf the thermal convection transfer coefficient,
Wf the fin width, tf the fin thickness, ηf the fin efficiency and Lf the fin length.
Optimizing the heatsink such that Rhs  Rth, will allow for a good thermal gradient for heat
dissipation from the cell to the heatsink [14].
2.4 Multi-Junction Cell
Multi-junction cells are solar cells that utilise a broader wavelength range than silicon solar
cell. The cells comprise of a number of semiconductor materials monolithically connected in
series to each other. The MJC follow the base principles of single junction cells.
2.4.1 Basic Solar Cell Operation
Traditional PV cells comprise of doped silicon in the surface layer which forms a p-n junction
with a defined band gap. Photons incident on the top surface of the cell with energies greater
than that of the band gap of the material have the potential to give their energy to an electron
in the valence band, creating an electron-hole pair. The electron now has the potential to
overcome the band gap and move into the conduction band leaving behind a hole (effective
positive charge). In the depletion region, the drift electric field accelerates the electrons and
holes to the n and p sides, respectively, forming the photocurrent [15, 16, 17].
Photons with energies less that that of the band gap energy lying in the infrared regions of the
spectrum do not contribute to the electrical power produced, as the photon does not have the
potential energy to excite an electron across the band gap. Photons with higher energies than
the band gap of the material, lying in the ultraviolet region, excite electrons across the band
gap. However the extra energy is lost as heat, due to the mechanism known as relaxation [17].
Therefore to achieve optimal performance from the cell, portions of the energy from the solar
spectrum that is related to the defined band gap of the cell must be used. All other energies
that lie outside the band gap range do not contribute to the power production of the cell but
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instead contribute their energy to the cell as heat [6]. As a result of heating, the performance
of a PV module could cause a negative effect on the cell [17].
2.4.2 Concept of Multi-Junction Cells
Multi-junction cells offer a better solution to the absorption of energy from a wider spectral
range than that of conventional PV cells. The use of doped silicon as a semiconductor material
only utilises a small fraction of the solar spectrum due to the defined band gap of the material.
This is the limit of a single junction cell’s performance.
To increase the performance and power output of a cell, a device is created to allow for more
absorption of the solar spectrum. This is achieved by creating a device which utilises multiple
subcells connected in series. The subcells are made of different materials which have different
absorption regions within the solar spectrum. This allows for a much larger portion of the solar
spectrum to be absorbed, resulting in a higher performance [2, 18].
2.4.3 Emcore Concentrated Triple Junction Cell
In this study InGaP/InGaAs/Ge concentrated triple junction cells (CTJ), lattice matched to
the Ge substrate, were used. They are commercial cells produced by Emcore [1, 19]. In Figure
2.8 a schematic diagram of the CTJ cell used in the study is shown.
Figure 2.8: Schematic drawing of CTJ cell [1].
The structure of the CTJ cell consists of a 1 cm2 triple-junction InGaP/InGaAs/Ge semicon-
ductor material, two bypass diodes and connection terminals mounted on a 6.78 cm2 gold and
ceramic substrate [19]. The substrate acts as a thermal regulator (heatsink) and a platform for
the electrical components. The semiconductor material is electrically and mechanically connec-
ted to the CTJ cell by the gold bottom contact and top contact by means of 12 gold ribbons.
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Bypass diodes across the bottom and top contacts allow for additional current to bypass the
cell in the case of cell mismatch occurring in a HCPV module. The CTJ cells are electrically
connected to the module by the connection terminal.
In Table 2.1 the specification and performance of the CTJ at different concentrations are shown
[1].
Table 2.1: Specification sheet from Emcore showing the performance of CTJ cell.
1 Xo Concentration 503 Xo Concentration 1182 Xo Concentration
Efficiency 31.4% 39.0% 36.3%
Voc 2.605 V 3.193 V 3.251 V
Isc 13.85 mA 6.96 A 16.37 A
Power 31.4 mW 19.3 W 42.9 W
The main features seen in Table 2.1 shows a large increase in the Isc and power, a noticeable
increase in Voc and variation in the efficiency of the CTJ cell when compared to 1 Xo. This is
all due to the effect of concentration and is discussed later in the chapter.
2.4.4 Architecture of Concentrated Triple Junction Cell
The architecture of a CTJ cell is designed to achieve current matching in the series connected
subcells and to achieve the best power output from the incident solar spectrum. This is achieved
by growing the semiconductor materials in layers. In Figure 2.9 the CTJ cell’s architecture and
spectral absorption are shown [3].
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Figure 2.9: Structure of Concentrated Triple Junction Cell [1, 2, 3].
The CTJ cell structure showing the semiconductor materials and electrical components are
shown in Figure 2.9 and are discussed in the following section.
2.4.4.1 Physical Structure of CTJ Cell
The structure of the CTJ is a monolithically integrated device which is manufactured by metal
organic chemical vapour deposition (MOCVD) onto a Ge substrate [3]. The semiconductor
materials are deposited in layers allowing for the layers of the CTJ cell to be connected both
mechanically and electrically.
2.4.4.2 Semiconductor Structure of CTJ Cell
As seen in Figure 2.9, the structure of the CTJ cell structure comprises of a collection of
semiconductor materials which need to be lattice matched to the Ge substrate so to eliminate
mechanical stresses in the cell. The semiconductor materials used for photon absorption in the
device are from the III-V semiconductor group and incorporate tertiary elements to allow for
lattice matching [2].
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The subcells in the CTJ cell are deposited on the substrate with increasing band gap energies.
This configuration allows for the materials to act as a spectral filter (Figure 2.9), absorbing
photons with energies in their respective band gaps and allowing the transmission of photons
with energies less than their band gap to the next subcell. Part of the filtered spectrum reaching
the next subcell is absorbed, while the photons that are not absorbed are transferred to the
final subcell. The amount of absorption by each subcell is determined by their thickness and
respective absorption coefficient. The subcells are thinned to different thicknesses, creating the
same current and insuring current matching within the CTJ cell.
2.4.4.3 Additional Components in CTJ Structure.
The additional components that add to the performance of the CTJ cell comprise of:
• the top which is coated with an anti reflective material, made of a textured NaOH pyramid
layer. This increases the transmission of the photons by trapping light in the material
and by reducing the reflection off the CTJ cell’s surface. The layer aids in the task of
current matching the subcells by reducing the amount of spectral content,
• the tunnel junction. The tunnel junction is a highly doped diode with a wide band
gap placed in between the subcell layers (orange layers in Figure 2.9). Their purpose is
to provide a low electrical resistance connection, making it easy for electrons to tunnel
between adjacent subcells. The tunnel junction acts as a barrier that prevents a reverse
current forming between the subcell layers, by separating the p-doped region of the InGaP
from the n-doped region of the InGaAs subcell, and
• the encapsulation of the emitter and base of each subcell with a window and back surface
field (BSF) junction. These layers reduce the recombination of electron and hole between
the subcells by reducing the recombination velocity at the surface and the scattering of
electrons from the tunnelling junction. This is achieved by creating a potential barrier
which is formed by their hetrojunction. The potential of the barrier is so high, that the
electrons in the one subcell is not able to recombine with holes from the other as the
electrons do not have the energy to overcome the electrical potential of the barrier.
2.4.5 CTJ Cell’s Performance Parameters
A good understanding of the performance parameters of the CTJ cell is needed to allow for the
optimisation of the HCPV system.
2.4.5.1 Short Circuit Current
The short circuit current density Jsc of a CTJ cell is more complex than that of a single junction
cell. The current density for a single junction at one-sun concentration is given as
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Jsc =
ˆ
S(λ)Φinc(λ)dλ (2.12)
where S is the spectral response of the material and is the incident solar radiation intensity
incident on the CTJ cell [20].
In a CTJ cell, the subcells are connected in series. As a results of the series connection, the
Jsc of the whole device is equal to the smallest photo-generated current produced by the ith
subcell.
Jsc = Min {Ji} (2.13)
Derived from the combination of Equation 2.12 and 2.13 and utilising the concentrated spectrum
(C.Φinc), the Jsc of the CTJ cell is given as
Jsc = Min
{ˆ
S(λ).C.Φinc(λ)dλ
}
(2.14)
To maximise the current produced by a CTJ cell and to avoid any of the subcells becoming
reverse biased, all three series connected subcells must produce the same current.
2.4.5.2 Open Circuit Voltage
The theory of the Voc produced by a CTJ cell is similar to that of a group of series connected
single junction cell in a module, given as
Voc =
∑
Voci (2.15)
where Voci is the individual Voc of each subcell [7].
The Voc for an individual subcell is;
Voci =
kT
q
(
Isc
Io
)
(2.16)
where k is Boltzmann constant, T the temperature of the CTJ cell, q the elemental charge
of an electron and Io the saturation current for the semiconductor material. Since the same
current passes through the subcell, each subcell will have the same concentration factor shown
in equation 2.4. Therefore, the Voc for the CTJ cell can be written as
Voc =
∑ kT
q
ln(C
Isc1
Io
) (2.17)
Table 2.1 shows an increase in the Voc with an increase in concentration. This increase results
from the logarithmic dependance of the Isc as seen in Equation 2.17 [21].
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2.4.6 Current Production and Matching
Figure 2.10 shows the spectral response as a function of wavelength for the InGaP, InGaAs and
Ge subcell.
Figure 2.10: Spectral response for the individual subcells.
In Figure 2.10 the variation of the wavelength range and spectral response of the InGaP, InGaAs
and Ge subcells are shown, with the Ge having the widest wavelength range. A combination
of the direct solar spectrum in Figure 2.2 and the spectral response illustrated in Figure 2.10
thus yields the current production of the CTJ cell shown in Equation 2.14 [2, 4, 20].
To ensure current matching, the amount of spectral response per wavelength is regulated by
the thinning of the subcells which decreases the absorption of photons. This in turn results
in a lower current density. The direct solar spectrum has a high intensity in the InGaP and
InGaAs regions and a low intensity in the Ge region. The thinning of the subcells depends on
the wavelength range of the subcell and the intensity of the incident spectrum in the wavelength
range of the subcells.
Since the Ge has a wide wavelength range but low intensity profile the thinning is less, giving a
higher spectral response, whereas the InGaP is thinned more to give a lower spectral response
due to the high spectral intensity within its wavelength range.
2.4.7 Power and Efficiency
Defining the power and efficiency is important as these features act as a tool to identify the
performance of a HCPV module.
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2.4.7.1 Power
The maximum power produced by the HCPV device is the maximum area obtained under an
I-V curve [16, 18].
Pmax = VmaxImax (2.18)
where Vmax and Imax is the respective voltage and current at the maximum power point.
2.4.7.2 Efficiency
There are two types of efficiency that indicate the performance of a HCPV system, namely the
• cell efficiency (ηs ). The efficiency of the CTJ cell under operational conditions is defined
as
ηs =
Pout
Pin
× 100 = VmaxImax
Xo.Ird.A
× 100 (2.19)
where Ird is the direct irradiance and A is the area of the cell, and
• module efficiency (ηm). The efficiency of the whole module under operational conditions
is defined as
ηm =
Pout
Pin
× 100 = VmaxImax
Ird.Am
× 100 (2.20)
where Ird is the direct irradiance and Am is the area of the module [4].
In Figure 2.11,efficiency measurements as a function of concentration, obtained by the Fraunhofer
Insitut Solare Energiesysteme (I.S.E) for the Emcore CTJ cell, are shown [22].
CHAPTER 2. THEORY 25
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
1 5 10 50 100 500 1000
30.
32.
34.
36.
38.
Concentration HXL
Ef
fic
ie
nc
y
H%
L
Figure 2.11: The efficiency of an Emcore CTJ cell under different concentrations.
Figure 2.11 shows an increase in the efficiency with an increase in concentration. However,
at a certain concentration the linear increase stops and begins to decrease. The increase in
efficiency is attributed to the linear and logarithmic increase of the Isc and Voc respectively
with increasing concentration. The Isc increases the efficiency indirectly by increasing the Voc
seen in Equation 2.17. The increase in Voc will cause a larger Vmax to be produced due to the
Voc shifting the maximum power point (MPP) to the right in the I-V curve.
A combination of a low series resistance and the gain seen of the Vmax due to the logarithmic
dependance of Voc on Isc, results in a much higher power output and hence a larger efficiency.
However, the increase in efficiency is not infinite, instead at a 420 Xo concentration, the effi-
ciency starts to decrease. The decrease seen is due to the increase in temperature with increasing
concentration. As the concentration is increased, more energy is injected into the CTJ cell with
some of the energy transferred into electrical energy and the remainder as heat.
This increase in temperature effects the Voc negatively and causes it to decrease. As a result of
the Voc decreasing, the Vmax point shifts to the left of the I-V curve reducing the power from the
CTJ cell. The temperature also increases the series resistance due to increase recombination,
which causes the Vmax point to move further left in the I-V curve.
Chapter 3
Design Considerations
In this chapter, the design considerations for the HCPV module are addressed. As discussed
in the previous chapter, there are many components that make up the HCPV system that
affect its potential power performance. Characterising these components is crucial for the
development of the HCPV module because knowing the performance and efficiency of each
component allows for optimising the HCPV module. This chapter is subdivided into sections
that deal with the characterisation of the incident power and energy utilised by the system,
namely the characterisation of the optical elements, the thermal management of the system and
electrical characterisation of the Emcore CTJ cell’s at one sun and multiple concentrations.
3.1 Irradiance
3.1.1 Objective
In order to achieve a maximum power output from the HCPV module, the system needs to
track the sun. Solar tracking benefits the module in two ways, namely to obtain direct sunlight
and to increase the amount of energy incident to the HCPV module. The objective of this
section is to determine the irradiance profile used for a HCPV module, show the dependance
of the module’s power production on direct sunlight and emphasise the advantage of tracking.
3.1.2 Methodology
To determine the irradiance profiles, a Pace Scientific data logger (XR5-SE-50mV)[23] was
used to obtain and compare measurements from a pyraheliometer (Kipp and Zonen CH1)
and a pyranometer that were placed on a two-axis solar tracker (Fiena 9m) and at a 34o tilt
respectively.
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3.1.3 Results
HCPV module require two-axis solar tracking to utilise direct normal irradiance (DNI). The
DNI and POA (plane of array) irradiance profile is shown in Figure 3.1 for a typical day at the
outdoor research facility in Port Elizabeth (10 January 2011).
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Figure 3.1: The irradiance profile for the direct tracked and POA set up.
The blue and purple line represents the tracked direct and POA irradiance profiles respectively
over a period of one day. As Figure 3.1 above illustrates, the tracked irradiance profile yields
more energy than the POA irradiance profile.
The amount of energy available to the POA setup in one day was measured to be 7.62 kWh,
where as the tracked direct system measured, 9.36 kWh of available energy. Notably, the two
axis tracking gathered 18.2 % more energy due to tracking than the POA setup.
Figure 3.2 shows the dependance of the power performance of a HCPV module on direct
sunlight.
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Figure 3.2: Irradiance profile for days under various sky conditions.
The blue curve shows the irradiance profile for a clear day with good direct sunlight while
the purple curve indicates a day that is very cloudy in which low levels of direct sunlight were
produced. The amount of available energy measured for the clear and cloudy day was 7.62 kWh
and 0.36 kWh respectively. This confirms the importance on the placement of these systems in
areas with potentially high clear skies.
3.1.4 Conclusion
The objective of the experiment was to compare energy gathered from a two-axis and stationary
system. Two axis tracking showed an increase in the amount of available energy when compared
to POA set up. The deployment of the HCPV module in locations with predominately clear
sky regions is important as cloudy regions will decrease the amount of direct sunlight incident
on the system, leading to a decrease in the energy production of the module.
3.2 Spectral Content
3.2.1 Objective
The irradiance value indicates the total amount of power available to the module whereas the
solar spectrum, shows how the energy is distributed. Knowing the spectral profile is important
for the development of the HCPV module system, as the performance of the CTJ cell is directly
influenced by the spectral profile. The objective of this section is to determine the spectral
profile during the day.
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3.2.2 Methodology
The procedure follows from the experimental set up used in determining the irradiance profile,
with the addition of a spectrometer mounted on the two axis tracker with a collimator to
allow for measurements of direct sunlight. The experiment was carried out on a clear day with
measurements taken hourly.
3.2.3 Results
Figure 3.3 shows the variation of the POA solar spectrum in the InGaP sensitive region of the
CTJ cell throughout the day.
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Figure 3.3: The variation of solar spectrum during a day.
It can be seen from Figure 3.3 that there is a variation in part of the visible region (380-700 nm)
throughout the day, which corresponds to the wavelength region where the InGaP subcell is
sensitive. This indicates that the InGaP subcell will experience a range of multiple wavelength
intensities throughout the day, whereas the InGaAs and Ge subcell’s remain relatively constant.
The change in spectral intensity will result in the InGaP subcell experiencing an irradiance
difference of 159 W.m−2 from the lowest profile at 8:00 hours to the highest profile at 12:00
hours. Utilising Equation 2.12 from Chapter 2, a change in spectral content will result in a
range of short circuit current values produced by the InGaP subcell. However, the spectrum
in both the InGaAs and Ge sensitive regions remain relatively the same. This will result in
relatively constant short circuit current production throughout the day.
Due to the varying and constant current produced by the InGaP subcell and InGaAs, Ge
subcells respectively, a form of current mismatch is present throughout the day. As the subcells
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are series connected, the InGaP subcell can become the current limiting subcell in the CTJ cell
because of the variation of the spectrum throughout the day.
3.2.4 Conclusion
As can be seen from the results the solar spectrum is dynamic in nature and a variation in
the intensity profile is seen in the visible region thought the day. The wavelength region that
corresponds to the InGaP subcell has the most variation in spectral intensity. This results in a
range of short circuit current densities produced by the InGaP subcell. This variation in circuit
current density could lead to the InGaP subcell to be the current limiting subcell at various
times of the day.
3.3 Optical Subsystem
In a HCPV module, the optics are the most influential factor in the operation of the HCPV
system. This is due to the effect the materials have on the solar spectrum and the produced
illumination distribution. Therefore the materials of the optical components must be charac-
terised to determine the transmission of the spectral content to the CTJ cell. This will indicate
the influence of the optical components on the performance of the subcells in the CTJ cell.
The optical system is therefore subdivided into systems comprising of a primary and secondary
optical elements with the latter using either reflective or refractive secondaries.
In Figure 3.4 photographs of the materials used in both optical subsystems are shown.
Figure 3.4: Photographs showing the material used for the primary optical element (a) Fresnel
Lens and the secondary optical elements (b) reflective and (c) refractive secondary.
Figure 3.4 shows the various materials of the optical components used in the study to develop
the experimental HCPV modules. The primary optical element used for both modules was a
Fresnel lens made from a poly(methyl methacrylate) (PMMA) material. The module what was
first developed utilised a reflective secondary made out of a 95 % reflective aluminium called
Miro Sun manufactured by Alanod Solar [13]. The secondary, used in the second experimental
HCPV module, used a refractive secondary made out of glass.
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3.3.1 Optical Characterisation Technique
3.3.1.1 Objective
To characterise the effect of the optical elements material on the spectral content.
3.3.1.2 Methodology
Spectral measurements were obtained by mounting a spectrometer on the two-axis solar tracker.
Figure 3.5 shows the experimental setup used for characterisation of the materials used in the
optical subsystem.
Figure 3.5: Experimental set up for optical classification.
Spectral measurements were taken through the PMMA and glass material and then compared
to a reference spectrum taken beforehand. The experiment was repeated for the reflective Miro
Sun material.
3.3.2 Primary Optical Element
3.3.2.1 Fresnel Lens
Figure 3.6 shows the loss in spectral content due to absorption by the Fresnel lens related to
the subcell sensitive regions in a CTJ cell.
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Figure 3.6: Decrease in spectral content resulting from absorption by the PMMA Fresnel lens.
In Figure 3.6 it is observed that the spectral content decreases due to the absorption by the
Fresnel lens. The wavelength region that corresponds to the InGaP subcell was the most
affected as the total amount of power lost amounted to 37 W.m−2. This is due to the total
absorption of energies less than 380 nm and partial absorption by the Fresnel lens between
400-900 nm [11, 12]. This gave a 10 % transmission coefficient for the Fresnel lens.
The InGaAs and Ge subcells are less effected by the absorption, with little spectral loss seen
in their respective regions. The 5 % decrease in the spectral content in the InGaP region will
result in a smaller current production from the InGaP subcell. This will offset the current
matching in the series connected CTJ cell and cause the InGaP subcell to be current limiting.
This will result in current mismatch in the CTJ cell, causing a decrease in current production.
Also the InGaAs and Ge subcell will cause the InGaP subcell to become reversed biased [15].
3.3.3 Secondary Optical Elements
3.3.3.1 Reflective
Figure 3.7 shows the spectral content reflective losses from the reflective secondary material.
the sunlight which is reflected by the reflective secondary also shows a spectral content loss
resulting from the interaction with the Miro Sun Material.
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Figure 3.7: Spectral content loss due to interaction with Miro Sun material used for the reflective
secondary.
The spectral intensity in the InGaP region was decreased by 3 % while the InGaAs and Ge
were decreased by 1 % in their respective sensitivity regions. This further decreases the spectral
content in the InGaP region, and paired with the spectral content loss in Figure 3.6, results in
an even lower current production from the InGaP subcell.
3.3.3.2 Refractive
Figure 3.8 shows the spectral content losses due to absorption by the glass material used for
the refractive secondary.The sunlight which is refracted by the refractive secondary also shows
a spectral content loss resulting from the interaction with the glass material.
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Figure 3.8: Spectral losses and transmission spectrum of glass refractive secondary.
Very little changes are seen in the InGaAs and Ge regions, while the InGaP regions show
a spectral intensity loss of 5 %. This is due to the absorption properties of glass in that
wavelength range. The reduction in the spectral content in the InGaP region decreases the
current production of the subcell and contributes to current mismatch in the CTJ cell.
3.3.4 Conclusion
Figure 3.9 shows the summary of the transmission of the spectral content that corresponds to
the sensitive regions of the subcells in the CTJ cell. The irradiance shown at the bottom of
each secondary in Figure 3.9 indicates the percentage of the incident sunlight that makes it to
the receiver, whereas the notation for the spectral content indicates the percentage intensity
transmitted to InGaP, InGaAs and Ge wavelength regions respectively.
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Figure 3.9: Illustration of total sunlight available to the CTJ cell after interaction with optical
subsystems.
Figure 3.9 shows what in both the reflective and refractive optical systems, a transmission of
85% of the power is available to the HCPV module. This means that if 850 W.m−2 is incident
on the HCPV module before interacting with the optical system, 723 W.m−2 is transmitted to
the CTJ cell for current production.
The other feature seen is the percentage available in spectral content that corresponds to the
different wavelength regions of the subcells in the CTJ cell.
The manufacturers of these devices develop the cells at standard test conditions. This means
that the CTJ cell was developed with a specific, constant spectrum and irradiance [1, 2, 18].
This defined spectrum was used to determine the thinning of the subcells for current matching.
However, as a result of the sunlight interacting with the optical systems, a non-uniform decrease
in spectral content between the subcells is seen.
The use of the Miro Sun material as the reflective secondary in the reflective system showed
a spectral content availability of 92, 97 and 96 % for the InGaP, InGaAs and Ge subcells,
respectively. The 8 % loss in spectral content in the InGaP wavelength region will result in a
decrease in the current production of the subcell.
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The use of the glass material as a refractive secondary in the refractive system also showed a
decrease in the the spectral content, having transmissions of 90, 98 and 97 % for their relative
subcells. Although the same amount of irradiance was incident on the CTJ cell, the InGaP
wavelength region showed a greater spectral content loss and difference between subcells when
compared to the material used for the reflective secondary.
In both cases the spectral content in the InGaP wavelength region was the most reduced. As a
result, a lower than expected current production was produced by the subcell. This could cause
the subcell to become current limiting, causing current mismatched in the series connected CTJ
cell. If so, the InGaP subcell could become reverse biased, leading to damage of the InGaP
subcell as a result of heating, which could also lead to device failure.
3.4 Thermal Subsystem
As with a traditional PV module, temperature is a factor that can effect the performance of
a HCPV module. Additionally, due to sunlight being concentrated on to the CTJ cell, the
temperature above ambient is much more than a traditional PV module. Hence a form of
heat dissipation must be introduced into the system to dissipate the high thermal load. In a
normal PV module the efficiency is 14 %[16], 140 W.m−2 is converted into electrical energy
from a 1000 W.m−2. The ± 86 %, 860 W.m−2 is regarded as the thermal load which must be
dissipated. On an area of 1 cm2 cell, the amount of energy equates to 86 mW.cm−2 that must
be dissipated. This heat loss is achieved via radiation and convection from the PV panel [8].
However in HCPV systems, the irradiance in an optimal optical system is increased by a factor
of 500X due to concentration. Therefore assuming 100 % optical efficiency, 0.5 MW.m−2 of
energy is available at 1000 W.m−2. The 0.5 MW.m−2 is reduce to 85 % because only direct
irradiance is used. This amount of energy is further reduced by 85 % because of the transmission
of the optical subsystem . Assuming 40 % cell efficiency for the electrical power output, the
amount of energy left to dissipate is 14.45 W.cm−2, 168 times more energy than for a flat plate
PV panel.
This is a rough estimate of the thermal load of the cell which needs to be dissipated to obtain
the high performance of the CTJ cell. The method used in this study to dissipate heat is
achieved by passive cooling. This method includes the use of materials with good thermal
conductivity, such as aluminum or copper to transfer heat way from the cell. This is achieved
by choosing a material with a higher thermal conductivity than the CTJ cell. The CTJ cell
is in thermal contact via thermal paste with the aluminum heat sink and because of the low
thermal gradient between the two materials, heat is transferred to the aluminum heat sink.
The heat sink then dissipates heat via convection from its large surface area to the surrounding
environment . The addition of fins increases the efficiency of heat dissipation by increasing the
surface area. This method is inexpensive to incorporate into the module and does not need
electrical or mechanical means to actively drive a cooling mechanism.
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In the study, a heatsink with physical dimensions 100x100x8 mm with 10 fins and thermal
resistance of 1.8 oC/W [24] was used.
3.5 Electrical Subsystem
The importance to characterise the effects of solar concentration on the electrical subsystem is
important for the development of the module as concentration could cause substantial gains and
losses in performance. Characterisation of the electrical parameters help identify and quantify
the gains/losses in a HCPV under concentration.
3.5.1 One Sun and Concentrated Sun Results
In Figure 3.10 the one sun current-voltage characteristics curve of a CTJ cell is shown.
Figure 3.10: I-V Curve of a CTJ cell at 1 Xo concentration.
At one sun, it is seen from Figure 3.10 that the short circuit current and open circuit voltage
is 13.8 mA and 2.58 V , respectively. Due to the CTJ cell having a high shunt resistance (Rsh)
and a low series resistance (Rs), represented by the slopes on the I-V curve, a fill factor (FF )
of 85 %, shown by the rectangle, is achieved for the CTJ cell. The CTJ cell at one sun yields
a power output of 0.03 W and an efficiency of 33 % at 1000 W.m−2 [1].
In Figure 3.11 the current-voltage characteristic curve of a CTJ cell under concentration is
shown.
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Figure 3.11: I-V curve of a CTJ cell at 336 Xo concentration.
Under concentration, the Isc is increased by a factor of 336Xo and the Voc is increased from
2.58 V to 2.92 V . The increase in Isc is due to the increase in incident irradiance. Since
Isc is directly proportional to the irradiance, the Isc will increase linearly with concentration.
The increase in Voc is due to the logarithmic dependance on the increased Isc with increasing
irradiance (Equation 2.16) [2]. The fill factor is increased slightly due to the increase in both Isc
and Voc [2]. The resulting increase in Isc and Voc will thus increase the power output to 10.29 W ,
essentially 343 times greater than at one sun. It is noted that the operational concentration
factor (a function of current) is less than that of the concentration factor for the power. This
slight increase seen in the power concentration is due to the increase of the Voc. Interestingly, an
increase in efficiency from 33 % to 39 % was also seen, which can be attributed to the increase
in Voc.
3.5.2 Effect on Cell Parameters due to Concentration
3.5.2.1 Open Circuit Voltage (Voc)
Figure 3.12 shows the effect of concentration on Voc of a CTJ cell corrected to 25oC.
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Figure 3.12: Open circuit voltage as a function of concentration for the CTJ cell.
It is seen from Figure 3.12 that general trend for the variation of Voc with concentration is
logarithmic [17] as shown in Equation 2.15. The variation from the logarithmic trend is possibly
due to tracker error and solar spectral changes on the CTJ cell during the early morning when
the measurement were performed.
Figure 3.13 shows the effect of temperature on Voc.
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Figure 3.13: Open circuit current as a function of temperature for the CTJ cell at 336Xo.
Figure 3.13 further reveals the effect of temperature on Voc at 336Xo. the figure shows that the
effects of temperature influences the performance of the CTJ cell negatively. With the increase
in concentration, the Voc and temperature of the cell increases. At high concentrations or with
no sufficient thermal dissipation, the temperature off-set the gain from the increase in Isc and
cause a drop in the Voc due to recombination. The experimental temperature coefficient was
calculated to be −4.6 mV/oC at constant irradiance from Figure 3.13 (theoretical −4 mV/oC
[1, 19]).
The results show that in order to get the best performance from the CTJ cell, a good, suf-
ficient thermal dissipation system must be introduced into the design to off set the effects of
temperature.
3.5.2.2 Fill Factor and Efficiency
Figure 3.14 shows the effect of concentration on the fill factor.
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Figure 3.14: Fill factor as a function of concentration for the CTJ cell.
It was observed that the fill factor increased with the increase in concentration and then started
to decrease. The variation in fill factor is due to the effects of concentration on Voc.
Since the fill factor is defined as
FF =
VmaxImax
VocIsc
Due to the increase in concentration and the relatively constant series and shunt resistance the
Imax and Isc value are relatively the same. The main contributing factor is the gain from the
Voc that correlates to the gain in the Vmax. It can be deduced that the Vmax will increase more
than the Voc due to the increase in Isc moving the MPPT more left on the I-V curve. However,
with increased irradiance, the temperature of the CTJ cell increases, which causes a decrease in
the Voc. Additionally, the increase in temperature also increases the series resistance; reducing
the fill factor.
Figure 3.15 shows the effect of concentration of CTJ cell’s efficiency.
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Figure 3.15: Efficiency as a function of concentration.
The efficiency of the CTJ cell can be seen to increase linearly with concentration in the region
of concentration in the study. The increase in efficiency is due to the increase in both the Isc
and Voc, with the latter playing the most important role. From Equation 2.19 the efficiency
can be written as
ηs =
Pout
Pin
× 100 w VmaxXoIsc
Xo.Ird.A
× 100
due to the increase in Isc and Imax are very similar.
The Xo cancel and the only contributing factor to the increase in efficiency is the Vmax. As
explained above, the Vmax increases with the logarithmic increase in Voc, due to the increase
in Isc. However, the efficiency does not increase indefinitely as shown in Figure 2.11 , but will
start to decrease at about 512Xo. The decrease is a result of the increase in temperature which
causes a decrease in the Voc. The linear decrease in Voc and the increase in series resistance due
to temperature will ultimately result in a lower Vmax, thus reducing the efficiency of the CTJ
cell.
3.5.2.3 Power
Figure 3.16 shows the effect of concentration on the power production of a CTJ cell.
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Figure 3.16: Power as a function of concentration for a CTJ cell.
The power of a CTJ cell increases linearly with the increase in concentration. This is due to
the combined linear and logarithmic increase of both Imax and Vmax, respectively, shown in
Equation 2.13. Hence, Pmax increase linearly with increasing concentration.
3.6 Conclusion
The conclusion for this chapter is that the optical materials and temperature do effect the
potential performance of the CTJ cell.
It was shown that a CTJ cell under both optical subsystems setups will have a reduced irra-
diance and spectral content. The most affected subcell was the InGaP, which had a greater
reduced spectral content than the InGaAs and Ge subcells. This results in the InGaP subcell
to become current limiting and causing current mismatch in the series connected to the CTJ
cell. This could result in reverse biassing of the InGaP subcell, causing heating that could
lead to subcell/cell damage. This reduction in spectral content cannot be eliminated as HCPV
systems use various optical materials for concentration and operation.
The effects of concentration and temperature were noted in the role they play in the per-
formance of the parameters in the electrical subsystem. Although many of the parameter’s
performances were increased by concentration, the gains were later offset by the increase in
temperature as a result of the increase in concentration. This indicated the importance of
incorporating a sufficient thermal dissipation system into the design so as to counter act the
possible performance lost due to excessive temperature.
Chapter 4
HCPV Module I
In this chapter, the design, development and performance of the first experimental HCPV
module will be discussed. The development of the module’s physical structure will be explained.
The influence of the optical and thermal subsystems on the power performance of the electrical
subsystem will be investigated. These include the effect of optical misalignment and thermal
stresses. Additionally, the limiting subcell within the CTJ cell will be determined. The effect of
the limiting subcell on the CTJ cell and long term monitoring of a 4 cell experimental HCPV
module will be investigated. The results obtained in this section will help identify possible
shortcomings of the design and allow for a better development of an improved module.
4.1 Experimental Module Design
4.1.1 Physical Structure Design of HCPV Module
The physical structure of the experimental HCPV module was based on the Sandria III Baseline
Fresnel Module [4] because of its simplistic and compact design that uses a parquet Fresnel lens
arrangement. Figure 4.1 shows a diagram of the optical arrangement of the Sandria III Baseline
Fresnel Module that was used to develop the experimental HCPV module.
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Figure 4.1: Schematic drawing of the Sandria III Baseline Fresnel module [4].
The Sandria III Baseline Fresnel Module consists of a/an;
• outer aluminum housing. This isolates the module’s components from the environment
and acts as a platform for the mounting of HCPV components such as the cell and parquet
lenses,
• 24 assembled cells, and
• 24 Fresnel lens in a 2 x12 parquet array.
The main structure of the HCPV module is made from aluminum angle which acts as the
skeletal support structure. The main structure supports the 2x4 Fresnel lens parquet array
and 8 assembled CTJ cells with attached secondaries and heatsinks. Figure 4.2(a) shows a
schematic diagram of the skeletal structure of the experimental HCPV module, and Figure
4.2(b) the shows the developed module mounted on a two axis tracker. Table 4.1 shows the
dimensions of the HCPV module.
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Figure 4.2: (a) The schematics diagram of the HCPV module and (b) photograph of the
experimental HCPV module.
Table 4.1: Dimensions of the experimental HCPV module used in the study.
Description Dimension (cm)
Main Frame Width 50.5
Main Frame Length 96.0
Main Frame Height 54.0
Fresnel Frame Width 50.5
Fresnel Frame Length 96.0
The size of the parquet Fresnel lens dictates the dimensions (length and width) of the HCPV
module’s support and the lens frame. The height of the HCPV module’s frame was length-
ened to allow for the attached lens frame to be varied in height. This allowed for different
concentration ratios for experimental use.
The parquet Fresnel lens was mounted on strips of neoprene attached to the lens frame. This
acted as a base support for the lens and limits water entering from the top of the module.
Mounting clamps where used to attach the lens to the frame and to secure the lens frame to
the main frame. These clamps also allowed for the adjustment of the lens frame for various
concentration ratios. Once experiments with various concentration ratios were completed, the
sides of the HCPV module frame were closed with 0.5 mm aluminum sheets. This allowed for
weatherproofing of the HCPV module for long term measurements.
4.1.2 Secondary Optical Design
Concentrating sunlight onto an area using a Fresnel lens without incorporating some form of
secondary optical element will result in the formation of a non-uniform intensity illumination
distribution across the CTJ’s cell surface. This could result in the formation of hot spots. Hot
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spots in a CTJ cell can lead to low power production, cell damage and premature failure of the
cell [2].
The first experimental HCPVmodule developed in this study used a reflective secondary. Figure
4.3(a) shows the schematic drawing and Figure 4.3(b) shows a photograph of the top view of
reflective secondary used in the experimental HCPV module.
Figure 4.3: (a) Schematic drawing of reflective secondary and (b) photograph of top view of
secondary working under concentration.
The secondary shape was chosen to be a truncated pyramid because of the square shape of
the CTJ cell. The secondary was constructed out of 4 pieces of mirrored aluminum sheeting
(Alonad 95 % [13]) what were triangular in shape with a straight base cut to 1 cm in length
and connected at 90 o to form the truncated pyramid shown in Figure 4.3(a) and Figure 4.3(b).
To determine the secondary’s dimensions, the focal length of the Fresnel lens and the general
shape of the reflective secondary must be considered, with a 1 cm2 aperture needed for the
placement of the CTJ cell. The shape for the reflective secondary was determined by ray-
tracing. Figure 4.4 shows the ray-trace diagram what was used in the development of the
reflective secondary [25].
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Figure 4.4: Ray-trace diagram used to determine the dimensions of the reflective secondary.
Figure 4.4 shows parallel light rays entering the Fresnel lens and converging at 23o from the
normal to the focal point. The focal length was determined to be at a point, 25 cm from the
Fresnel lens, forming a circular high intensity spot smaller than the 1 cm2 need by the CTJ
cell. From the ray-trace diagram, a distance of 23.4 cm was found to be the optimal distance
that allowed a 1 cm2 area of the CTJ cell to be illuminated while showing minimal effect from
lens aberration.
From the diagram, the reflective secondary’s incident acceptance angle was determined to be
25o. This allowed the concentrated sunlight incident on the reflectors to be reflect downwards
onto the CTJ cell, creating a relatively uniform intensity distribution. The secondary was later
re-designed with extra height and a slightly larger acceptance angle was added to the design
to allow for the possibility of any stray light to be collected and reflected to the CTJ cell. The
ray-trace programme helped define the dimension of the secondary which are given in Table 4.2
Table 4.2: The dimension of reflective secondary determined from ray trace programme.
Description Dimension
Aperture opening 82.81cm2
Facet Height 80cm
Facet angle 25o
Aperture at receiver 1cm2
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4.1.3 Heatsink Sizing
Using Equation 2.9 and Equation 2.11 from Section 2.3, the thermal load that needs to be
dissipated for the CTJ cell was calculated to be 14.45 W.cm−2. Knowing the thermal load
and the overall thermal resistance of the heatsink specifications needed to allow for sufficient
thermal dissipation of heat energy, was calculated.
The dimensions of the heatsink’s specifications were determined, and gave a thermal resistance
of 1.5 oC/W . The size of the heatsink was calculated for the CTJ cell having a thermal
resistance of 1.8 oC/W . The dimensions of the heatsink are summarized in Table 4.4.
Table 4.3: Summary of the dimensions of the heatsink used for thermal dissipation.
Description Dimension
Length 100mm
Width 100mm
Thickness 8mm
No of fins 10
Fins length 30mm
4.2 Determining Illumination Distribution
The illumination distribution created by the optical subsystem will help identify the quality
of the optical system. In doing so, one can detect the formation of high intensity regions
and optical misalignment. In order to measure the intensity and spectral distribution of the
concentrated light that is incident on a CTJ cell resulting from the optical subsystem, a custom-
built X-Y raster scanner was developed and controlled using LabVIEW software. This system
was attached to the experimental HCPV module with the CTJ cell removed. Figure 4.5 shows
the front panel of the developed LabVIEW programme with the linear scans of the intensity
and spectral distribution as a function of position. The movement and position of the raster
scanner steps in intervals of 0.5 mm.
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Figure 4.5: LabVIEW programme used for determining the of intensity and spectral distribution
as a function of position.
Figure 4.6 shows the mechanical setup used to determine the illumination distribution.
Figure 4.6: Experimental setup to obtain illumination distribution scans.
Once the size of the sample is determined, the programme is started and the spectrometer
cosine corrector is raster scanned in the optical plane of the test cell indicated by the red
arrows in Figure 4.6(a). The sunlight entering the cosine corrector is sent to the spectrometer
via an optical fibre and is analysed by the LabVIEW programme in realtime (see Appendix
A). Measurements that correspond to the irradiance, intensity and spectrum as a function of
position across the CTJ cell surface are displayed in the visualization window. The resulting
spectrum and the integrated intensity at each point was finally processed in a Mathematica
programme. This allowed for visualization of a topographical spectral and intensity across the
CTJ cell surface.
Figure 4.7 shows the non-uniform illumination intensity distribution for the CTJ cell at constant
irradiance.
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Figure 4.7: A non-uniform intensity illumination distribution across the cell surface at a con-
stant irradiance.
The Figure above shows the 3D plot of the concentrated irradiance illumination pattern result-
ing from a misaligned optical subsystem at a constant irradiance.
4.3 The Effects of Optical Misalignment on the Perfor-
mance of a HCPV Module
4.3.1 Introduction
In order to achieve maximum energy performance from a CTJ cell, HCPV modules require
an accurate optical design to eliminate non-uniformities in the focal plane. The main factor
that contributes to the overall performance of a HCPV system is the intensity and spectral
distribution of the concentrated solar irradiance the cell receives from the optical elements.
It is therefore important to perform the optical characterization of the individual cells and
modules. Optical performance characterization can identify possible areas where hot spots and
resulting delamination can occur thus shortening the lifetime of the cell.
4.3.2 Methodology
The HCPV module was setup with the specification determined by the ray-trace discussed in
Section 4.1.2. The optical system was configured for the best optical alignment and an illumi-
nation scan was taken. After the completion of the illumination scans, a CTJ cell was placed
at the optical aperture of the reflective secondary. I-V curves were taken for characterization
and analysis of the effect of the intensity distribution caused by the optical elements on the
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CTJ cell. The alignment of the reflective secondary lens was changed to study the effects of
misalignment on a cell and a module level.
4.3.3 Results and Discussion
The effect of the optical misalignment of the reflective secondary and the resulting non-uniform
spectral intensity distribution on the CTJ cell was investigated. Figure 4.8(a) and Figure 4.8(b)
show intensity plots the irradiance for the concentrated full solar spectrum incident on the CTJ
cell.
Figure 4.8: Intensity illumination distribution scans for the (a) aligned and (b) misaligned
reflective secondary.
In the above figure, both alignments produced a non-uniform spectral intensity distribution
across the cell. Figure 4.8(a) showed a more aligned secondary, producing a more uniform
distribution shown by the red and yellow regions on the plot. The misaligned plot has a region
where the intensity rapidly reduces to zero in the corner. In general this reduction of the high
intensity in the CTJ cell area will translate to a decrease in the performance of CTJ cells, due
to the concentrated irradiance not having uniform active areas. Figure 4.9 shows the effect of
misalignment on the power production from a CTJ cell.
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Figure 4.9: I-V characteristics of the effects of mis/aligned reflective secondary on CTJ cell at
500 Xg.
The difference in the I-V curves results from a shift of the distribution from being symmetrical
to being less symmetrical around the centre of the cell. Although the maximum magnitude of
the relative intensities is very similar, the photo-generated current produced is much less when
the intensity distribution is less uniform. It appears that a less symmetrical distribution causes
the shunt slope of the I-V curve to increase. Efficiencies of 36.8 % and 35.2 % were achieved
for the aligned and misaligned secondary setup, respectively for a direct normal irradiance of
864 W.m−2. The Voc under concentration increase from 2.6 V at one sun to 2.9 V at 500X
geometric concentration. This is due to the logarithmic dependence of output voltage on the
irradiance.
The above result is made even more apparent when compared to that of a two-cell test module
that was connected in series with bypass diodes. Figure 4.10 shows the I-V curves of the test
module under the best conditions and with intentional misalignment of one reflective secondary.
The effect of current bypassing the cell that produced the lowest short circuit current can be
seen as a perturbation in the measured I-V curve.
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Figure 4.10: I-V characteristics of the effect of misalignment in a 2 cell HCPV module.
The current mismatch caused by a difference in the alignment of the secondary optics can be
clearly seen in the resulting I-V curve. The mismatch caused a 2.23 W loss, a 13.2 % decrease
in the power production relative to the best aligned module with no misalignment or mismatch.
This correlation between the optical alignment and performance of the cell due to the optics
shows that proper optical alignment is important for the optimal functioning of a HCPVmodule.
4.3.4 Conclusion
The results show the dependence of the intensity distribution on the performance of a CTJ
cell. It is evident that the optical setup dictates the distribution of the concentrated solar
energy onto the device and thus the spatial intensity distribution. To achieve optimum results
and performance, the optical system must be carefully designed to allow for the most uniform
spectral distribution and intensity.
4.4 The Identification and the Influence of the Current
Limiting Subcell in a CTJ Cell.
4.4.1 Introduction
In order to determine the current generation of a CTJ cell, one must first establish the con-
tribution of each subcell to the total Isc of the whole CTJ cell at one sun. Knowing this, the
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method can be scaled to determine the current from the CTJ cell under concentration. Recall
from the Chapter 2 that the subcells are current matched to each other. However, in Section
3.3 , the effects of the optical subsystems will reduce the spectral content incident on the CTJ
cell, with the most affected wavelength region corresponding to the InGaP subcell.
This section will determine the electrical current production of the CTJ cell, the identity of the
limiting subcell and the effects of the limiting subcell on the CTJ cell and module.
4.4.2 Methodology
The experimental HCPV module was built to the specifications stated in section 3.1 and opti-
cally aligned for four cells. The COLD module comprised of 2 cells placed on heatsinks (Section
3.2) that dissipated heat within the specified operational range. While the HOT module com-
prised of 2 cells placed on heatsinks below the specified operational range which gave a small
temperature gradient. Figure 4.11 shows the COLD and HOT module set up for the 4 CTJ
cells used in the experiment.
Figure 4.11: Photograph of the COLD and HOT module configuration.
The high and low temperature cells were series connected together to form the two modules
under a 2 Ω load, respectively for a period of 2 months. The monitoring of the modules
included temperature, irradiance and power monitoring with I-V curves and electroluminescence
measurements taken before and after the 2 month operation.
After the 2 month period, the cells where removed from the respective modules. Spectral scans
where taken of the optical subsystem to determine their illumination intensity distribution. The
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I-V characteristics and electroluminescence measurements obtained after the 2 month period
were compared to results obtained before the two month operation.
4.4.3 Results and Discussion
4.4.3.1 Current Production
To determine the current density for each subcell, Equation 2.12 was used to combine the
spectral response of each subcell material (Figure 2.11) with the incident radiation as a function
of wavelength. This determined each subcells’ respective photo-generated current density as a
function of wavelength. The wavelength range for the InGaP and the InGaAs are much smaller
relative to that of the Ge. Although Ge has the largest wavelength range, the solar intensities
in that part of the spectrum are much lower when compared to that of the first two subcells.
Figure 4.12 shows the current density as a function of wavelength for the InGaP, InGaAs and
Ge subcell.
Figure 4.12: Current density spectrum for the InGaP, InGaAs and Ge subcell at one-sun.
By integrating the function shown in Figure 4.12 , a current density for each subcell was
obtained. The theoretical photo-generated current density was calculated to be 14.33 mA.cm−2,
14.28 mA.cm−2 and 19.49 mA.cm−2 for the InGaP, InGaAs and Ge, respectively, for the
standard one-sun solar spectrum. (The amount of spectral content for the Ge subcell is further
reduced by spectral filters like the windows and BSF (Figure 2.8) that are opaque to certain
wavelengths in the Ge active region. This filtering allows for current matching between the
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subcells in the CTJ cell [2]). The current density measured for a complete CTJ cell at one sun
intensity was 13.61 mA.cm−2, which corresponds well with the manufactures’ specification of
13.85 mA.cm−2 [19].
4.4.3.2 Spectral Intensity Distribution of Each Subcell
Using the knowledge gained above to determine the subcells current density at one sun, the
method was applied to determine the current densities of the subcells under concentration.
The LabVIEW programme in Chapter 2 was expanded, allowing for the measured spectral
intensity to be separated into the relevant wavelength regions that correspond to the subcells
and joined with their respective spectral response. The integrated current density spectrum
gave the current density at each point.
Figure 4.13 shows how current mismatch differs across the subcell surface from the intensity
illumination distribution in Figures 4.8(a).
Figure 4.13: Contour plots of normalized current densities for the InGaP, InGaAs and Ge
subcell.
All the three spectral regions show a high intensity distribution of the current density at the
center of the cell and a tapering off of intensities towards the edges. The reason for this pattern
is attributed to the combination of the misaligned main and secondary optical elements as well
as the edge effects (the interaction of light with the rough cut edges of the secondary) from the
secondary optics that gives rise to the lower current densities along the borders. Due to the
distribution and the variation in the magnitude of the current density, different current values
will be produced from the each subcell on integrating the cell area.
The figures show a uniform distribution because the current density is determined by the
integrated area. Regions in the area shown on the left side of each subcell have a lower current
density which will result in the reduction in subcell current production as well as causing
temperature gradient in and between the subcells [2].
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4.4.3.3 Identification of Limiting Cell
To determine the limiting subcell, spectral scans and current measurements were taken at
different times of the day to determine the subcell which produced the lowest current ( limiting
subcell) . The Ge subcell was not analyzed as the spectrometer used cannot measure spectral
irradiance in that wavelength region. However it is a good assumption that the Ge will not be
limiting as the solar spectrum remains relatively constant in that wavelength region and that
the transmission of the optics is good in that wavelength region.
Figure 4.14 shows the difference in the calculated current production between the subcells and
the measured current for the complete CTJ cell during the day.
Figure 4.14: The calculated and measured current for the InGaP and InGaAs subcells and CTJ
cell respectively.
There is a noticeable difference seen in the current between the InGaP and InGaAs subcells
which is attributed to the absorption by the optical subsystem. (Even at solar noon where the
2 subcells should be equal as defined by the STC spectrum there is a difference). The Figure
further shows that the InGaP subcell is the current limiting subcell due to the optics.
As the subcells are series connected, the lowest current producing subcell will dictate the total
current production of the whole CTJ cell. This is confirmed by the measured cell having a
similar current to the InGaP subcell. The difference in current between the InGaP subcell and
the other subcells will result in the InGaP becoming reversed biased.
Here onwards, the InGaP subcell will be used to determine the current production from the
whole CTJ cell.
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4.5 Monitoring
4.5.1 Initial I-V Curves
Once the module configuration was set-up as specified in the methodology section, initial I-V
curves were taken during the first four hours of operation so as to be compared later with the
final I-V curves obtained at the end of the 2 month operational period.
Figure 4.15 shows the initial I-V characteristics of the 4 cells in the HCPV module.
Figure 4.15: I-V characteristics of CTJ cells in HCPV module at 500 X geometric.
The I-V characteristics of the 4 cells in the HCPV module shows that the cells under their
specified operational conditions operate the same and giving the same power output. Table 4.4
shows the parameters of the COLD and HOT cell before 2 months of operation.
Table 4.4: The parameters of the cells before 2 month operation.
Parameters COLD HOT
Current 4.43 A 3.84 A
Voltage 2.82 V 2.73 V
Power 10.02 W 8.12 W
Efficiency 38.2% 37.4 %
Since as all other parameters such as irradiance and optical alignment are constant, the decrease
in Isc and Voc may be attributed to temperature. The difference in cell temperature is shown
in the section below.
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4.5.2 Temperature Effects
Figure 4.16 shows the temperature profile for the 4 cell HCPV module during a day of moni-
toring.
Figure 4.16: Temperature and irradiance profile during monitoring of the 4 cell HCPV module.
It is evident from the above Figures that the temperature profile for the CTJ cells generally
follows the irradiance profile of the day. The change in direct irradiance due to environmental
conditions shows an almost immediate response in the cell temperature.
The effect of a sufficient heatsink on the cell temperature showed a difference in operation of
about 20 oC between the HOT1 and 2 and COLD1 and 2 . This indicates the importance of
incorporating a good thermal dissipation system into the HCPV module design. If a sufficient
heatsink is not introduced into the HCPV module, the CTJ cell will operate between 30−35 oC
above ambient. The effect of maintaining the CTJ cell at the high temperatures will decrease
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the Voc of the cell as observed in Figure 4.15.
4.5.3 Current Determination for COLD CTJ Cell
Since it is important to test the best performance for the HCPV module, the COLD1 CTJ cell
was chosen to be analyzed.
Figure 4.17 shows the current density scan of the InGaP subcell for the COLD1 cell at 330X0.
Figure 4.17: Current density scan of the InGaP subcell in the CTJ cell for COLD1 cell at 330
X0.
There is a high level distribution indicated by the red and yellow regions on the plot with one
side tapering off to a low distribution values. These correlate to the magnitude of the current
densities at each point. The integrated current was 4.38 A over the whole cell at 827 W.m−2.
This correlates well with the measured current produced from the cell at COLD1 (4.42 A) in
Figure 4.15.
4.5.4 Electroluminescence
After 2 months outdoor exposure, I-V measurements were taken, the cells were removed and
analyzed visually. Figure 4.18(a) show the visual electroluminescence of a CTJ cell before and
Figure 4.18(b) shows a CTJ cell after 2 month operation.
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Figure 4.18: Electroluminescence showing the difference of CTJ cell (a) before and (b) after
operation for 2 months.
The cells shown were forward biased above the one-sun Voc of the CTJ cell (2.6 V ). The bias
produced a luminescence pattern in the visible region of the electromagnetic spectrum across the
cell. The luminescence pattern in Figure 4.18(a) shows a uniform distribution due to radiative
recombination of electrons and holes. The high illumination corresponds to high recombination.
As the recombination is directly related to the free carrier concentration, high luminescence
indicates good free carrier concentration. However in Figure 4.18(b), there is a noticeable
difference in the distribution. The lighter regions indicate good free carrier concentration while
the darker represent lower free carrier concentration. This illumination pattern, mirrors the
current density distribution of Figure 4.17. This indicates that there is an effect on the incident
spectral content that produces the observed current density distribution. These areas of high
current density which relate to high spectral intensity will have less free carries than the lower
intensity regions. It is proposed that a prolonged exposure to a non-uniform high solar flux
density may induce defects and damage to the subcell. These induced defects and damages
trap electrons during recombination. Hence, electrons that are intended to recombine with
holes are trapped in these defects and will not contribute to the detected radiation (radiative
recombination).
This means under operation, excited electron will be trapped in these defects, lowering the free
carrier concentration. The lower free carrier concentration will cause a lower current production
from the subcell.
4.5.5 Final I-V Curves
Figure 4.19 the I-V characteristics of the 4 CTJ cells in the HCPV module after 2 month
exposure.
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Figure 4.19: The I-V characteristics of the 4 cell HCPV module after 2 month operation.
There is a noticeable decrease in the performance of the CTJ cells with a decrease in all the
Isc values. Table shows the difference in the parameters of the CTJ cell in the various modules
after a operational period of 2 months
Table 4.5: The difference in the parameters of the CTJ cells after 2 months of operation.
Parameter Before After Before After
COLD 1 COLD 1 COLD 2 COLD 2
Current 4.43 A 4.21 4.43 A 4.05 A
Voltage 2.82 V 2.92 V 2.82 V 2.88 V
Power 10.02 W 9.10 W 10.02 W 8.98 W
HOT 1 HOT 1 HOT 2 HOT 2
Current 3.84 A 3.55 A 3.84 A 3.55 A
Voltage 2.73 V 2.83 V 2.73 V 2.83 V
Power 8.12 W 7.53 W 8.12 W 7.53 W
The COLD1 and COLD2 showed a decrease in Isc of 0.22 A and 0.38 A, respectively. The slight
increase in Voc seen in COLD1 and 2 is due to increased irradiance. The HOT cells currents
are both reduced by 0.29 A. The Voc of the HOT increased slightly due to increased irradiance.
The decrease in the Isc is a combination of factors, namely;
• the decrease in optical performance, soiling of the Fresnel lens and dust deposits on the
reflective secondary,
• the damage to the cells due to the optical configuration causing possible defects in the
subcell that trap electrons. This further makes the subcell current limiting, and
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• physical damage to the CTJ cell.
Any combination of these factors can hamper/ decrease the performance of the CTJ cell.
4.6 CTJ Cell Damage
On the removal of the CTJ cells from the HCPV module, noticeable damage was seen on/in the
COLD2 CTJ cell. Figure 4.20 shows CTJ cell damage due to 2 month exposure to concentration.
Figure 4.20: Collection of photographs showing CTJ cell damage.
These modes of damage usually arise from non-uniformities in intensity, high concentration on
isolated areas, the effects of bad manufacturing and due to environmental conditions.
As noted in Figure 4.20(a), there are bubbles that are formed in/under the encapsulating epoxy
covering material. The small white circle indicates a bubble that has not burst while the large
white circle indicates a bubble that has burst within the encapsulating epoxy layer. This can
decrease the active absorption area of the CTJ cell and/ or distort and reduce the intensity of
the sunlight entering these areas.
Figure 4.20(b) shows a bubble that has burst (the white rectangle), exposing the CTJ cell to
the environment. Dirt and dust can deposit on the semiconductor surface shown by the white
arrow, which can cause the formation of oxides on the semiconductor material. The effect is
made even more clear by the electroluminescence orientation pattern shown in Figure 4.20(c).
The pattern indicates regions that have low free carrier concentration due to defects that cause
non-radiative recombination. The defects results from the non-uniform current density and
“dead” spots caused by the bubbles in the laminate. In the top right and bottom right corners,
little or no luminescence is measured.
This will result in a reduction of area, reducing overall current production of the InGaP subcell.
This reduction of current will make the subcell to have more mismatched. This will result in
reverse biasing of the InGaP subcell, causing excess current to flow into the subcell. This will
result in the heating of the subcell, damaging it even more and making the subcell more current
mismatched. Eventually this process will result in CTJ cell failure.
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4.7 Conclusion
To conclude, it is noted from the design and operation of the HCPV module, that:
• The effect of the optical subsystem plays a big role in performance of the CTJ cell. This
is especially seen in the need for uniformity in both the intensity and spectral irradiance.
• The irradiance uniformity is governed by the optical subsystem, and will allow for a
greater current production from the CTJ cell with the increase in uniformity.
• The optical subsystem does influence the spectral content of the InGaP subcell and forces
it to become current limiting.
• Exposure to non-uniformities and operating the CTJ cell at higher temperature hamper
the CTJ cell and can decrease its performance and/or cause cell damage.
It was noted from the operation of the module, shortfalls in the design can lead to failure of
the module. To better the performance and longevity, certain steps can be implemented into
the HCPV module design. These include:
• From a maintenance view, the use of reflectors for the secondary are impractical as they
need constant cleaning to ensure their reflective and illumination distribution perfor-
mance.
• The CTJ cell needs to be optically coupled with the secondary, this will stop the formation
of dust and deposits on the cell.
• The design of the module in a capsule configuration. This will make it easier to remove
a failed cell and incorporate a new one without dismantling the entire module to reach
that cell.
• Optical classification on the CTJ cells beforehand to identity defects such as bubbles in
the encapsulate or dead spots (electroluminescence) will benefit the performance of the
HCPV module by elimination these cells from the module.
Identification of these shortfalls and utilizing the knowledge gained in this Chapter, a better
HCPV module can be developed as shown in Chapter 5.
Chapter 5
HCPV Module II
In this chapter, the second improved experimental HCPV module will be discussed. Based on
the shortfalls mentioned at the end of Chapter 4, the new improved module’s design incorporates
features what will try to eliminate these shortfalls. These design features include the use of
a single Fresnel lens and a refractive secondary. Additionally, steps are incorporated to single
out faulty cells and remove them from the selection bundle and ensuring that goods cells are
used in an operational module.
Long term monitoring of the system will be investigated. The performance of the HCPV module
will be investigated due to the implementation of features in the new design.
5.1 Module Design of Improved HCPV Module
To eliminate the shortfalls mentioned in Section 4.7, the experimental HCPV module was
redesigned. The new design incorporated a unit design which comprised of a unit that contained
a Fresnel lens, refractive secondary, heatsink and CTJ cell.
5.1.1 Cell Unit
Figure 5.1 shows the schematic diagrams of the unit. The individual unit was designed to elim-
inate the need to disassemble the whole module in the case of a single cell failure. This allowed
for easy replacement of a cell into a module by the removal of the base plate. Additionally, the
size of the module is not restricted to the number of Fresnel lenses in the parquet array. Hence
the unit allows one to create any size module.
The unit comprised of a single PMMA Fresnel lens which acts as the primary optical element.
The use of a single lens eliminated lens warp and deformation experienced by a parquet lens
due to wind jarring and tracker movement. Additionally, this is an easier and cheaper way to
replace a single lens than a parquet lens if damaged.
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Figure 5.1: Schematic diagrams of HCPV module’s cell unit.
The unit box shaped housing was made from 0.6 mm galvanized steel that was bent to form
a box. The box offered isolation for the internal components of the HCPV module from en-
vironmental conditions. Also it acted as a rigid platform for the mounting of the Fresnel lens
and base plate. The housing has fixtures on the side of the box to allow for mounting to the
module frame. The base plate that is shown in Figure 5.1(b) allowed for the attachment to the
unit housing and as a platform for the attachment for a heatsink, the CTJ cell and refractive
secondary.
5.1.2 Reflective Secondary Design
The refractive secondary used in the new module was taken from a Sandria III-design module
used in a previous study [26]. In Figure 5.2 the glass refractive secondary is shown used in the
Sandria III-design module. The glass is circular in shape with an optical aperture of 8.85 cm2
that tappers to a circular cell aperture of 1.13 cm2. The refractive secondary is optically coupled
to the cell, eliminating soiling of the cell and reducing the amount of maintenance needed.
Figure 5.2: Photograph of unmodified secondary.
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The secondary had to be modified in order to achieve the suitable 1 cm2 square shape for
the mounting on the CTJ cell. In Figure 5.3(a) and Figure 5.3(b) the optimally designed
and shaped secondary used in the experimental HCPV module is shown. In Figure 5.3(a) the
diagram showed square sides for an optimal performance. The refractive secondary is circular
in shape and need to be re-faced on the sides and base to give the 1 cm2 square aperture shown
in Figure 5.3(c).
The sunlight will be concentrated onto the top of the secondary as shown in Figure 2.6. and
refracted towards the CTJ cell.
Figure 5.3: (a) Schematic diagram and (b), (c) photograph of modified refractive secondary.
5.1.3 Main Support Frame
In Figure 5.4 the module frame design used for mounting the units is shown. The module frame
allows for the mounting of 8 units, 4 on each side of the frame. The units are easily bolted to
the frame to form a 8 cell module.
Figure 5.4: Schematic diagram of the support frame for the 8 cell units.
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Table 5.1 shows the dimensions of the module frame.
Table 5.1: The dimensions of the module frame.
Description Dimension
Length 120 cm
Width 62 cm
Mounting height 6.5 cm
Mounting height 19.5 cm
5.1.4 Assembled Module
In Figure 5.5(a) the schematic diagram and in Figure 5.5(b) a photograph of the advanced
HCPV module is shown, respectively. The experimental HCPV module comprises of 8 units
with dimensions shown in Table 5.2.
Figure 5.5: (a) Schematic diagram and (b) photograph of the improved HCPV module.
Table 5.2: The dimensions of a unit used in the HCPV module.
Description Dimension
Length 22.7 cm
Width 22.7 cm
Height 25 cm
Fresnel Area 500 cm2
Base plate width 22.6 cm
Base plate length 22.6 cm
The length and width of the unit housing was determined by the size of the Fresnel lens, while
the height of the unit was determined by the Isc of a CTJ cell while varying the distance along
the optical axis of the Fresnel lens. In Figure 5.6 I-V measurements were used to determine
the length for the cell unit. The CTJ cell was placed a distance 35 cm away from the lens and
moved in 1 cm increments towards the Fresnel lens. I-V curves were taken a each increment
and compared to find the optimal focal length.
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Figure 5.6: Graph of I-V characteristics used to determine the length along focal axis.
The optimal position was based on the maximum Isc and power achieved. The decrease in
Voc was attributed to the increase in temperature resulting from prolonged exposure to solar
concentration with insufficient thermal dissipation. The optimal position of the base plate was
found to be at a point 25 cm from the Fresnel lens.
In Figure 5.7, the assembled cell unit is shown. The CTJ cell’s are placed on aluminum plates
and held in place by the secondary mount. The CTJ cell is set in place by the modified glass
secondary. Acetoxy-curing silicone sealant is used as an optical medium between the CTJ cell
and glass secondary so to eliminate any further sunlight transmission losses. The aluminum
plate was connected to the base plate and heatsink for thermal dissipation. A phase-change
thermal interface compound was used between the CTJ cell and heatsink to aid in thermal
transfer of heat to the heatsink for thermal dissipation.
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Figure 5.7: Photograph of the assembled cell with secondary and heatsink.
All these components were assembled to produce a 8 cell module shown in Figure 5.5(b).
5.2 Pre Monitoring Measurements
As mentioned in Section 4.7, a criteria must be created that can identify possible CTJ cells that
could prematurely fail under concentration. In this section, steps have been taken to create a
method that eliminate possible problem cells. For the development of the new HCPV module,
10 CTJ (numbered 1-10) cells were selected randomly and were characterized by the methods
below.
5.2.1 Visual Inspection
In Figure 5.8, a collection of photographs that show visual defects seen in some of the CTJ cell.
In Figure 5.8(a) bubbles are seen in the encapsulating epoxy layer of cell 3. Under concentration
conditions, the gases trapped in the bubble can expand. With increased pressure, the bubble
can burst and cause surface damage as seen in Figure 4.20(b). Figure 5.8(b) shows markings on
the surface of CELL 4. Although the effect of concentration on the markings will not damage
the cell, these features will result in a reduced active area and affect the illumination intensity
distribution on the subcells. Figure 5.8(c) shows an indentation in CELL 5. This will cause a
reduced active area or be a dead/ inactive spot in CELL 5. In Figure 5.8(d) a scratch defect
in CELL 9 is shown. The circular area scratch will cause an area that will diffuse sunlight.
This can influence the illumination intensity distribution which can lead to a reduction in
performance of the CTJ cell.
Identifying these surface features in cell selection will help increase module performance due to
eliminating problem cells.
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Figure 5.8: A collection of photographs that show defects detected on four CTJ cells’ surface.
5.2.2 Electroluminescence
The use of electroluminescence is limited to only identify defects in the InGaP subcell. However,
if a defect is detected on the surface visually, one will see if it transfers into the subcell layers
of a CTJ cell. In Figure 5.9 photographs of the visual electroluminescence shows defects in the
InGaP subcell of CTJ cells. The defects are highlighted in green as the contrast of the red will
not make it visible. There is a variation of defects such a isolated spots, lines, combination of
both identified by the green and dead spots by the blue circle, respectively.
The isolated dots indicate areas of low recombination meaning there is low free carrier concen-
tration caused by defects in the InGaP subcell introduced by the MOCVD process. The lines
that run across the length of the cell also show a low free carrier concentration possibly caused
by cracks in the InGaP layer.
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Figure 5.9: A collection of photographs that shows defects highlighted in green in the InGaP
layer of four CTJ cells’ shown by electroluminescence.
5.2.3 One-Sun I-V Curves
One sun I-V characteristic curves can be used to identify any non-visual defects in CTJ cells
at standard test conditions. In Figure 5.10 the difference in I-V characteristics show CTJ cells
that have passed and failed against the I-V standard, set by Emcore. The blue curve shows
the characteristics of 9 out of the 10 selected cells that follow the standard set by Emcore
[1, 19]. The purple curve shows 1 out of the 10 selected cells (CELL 10) that showed a decease
in performance. This could be due to defects such as cracks and internal leakage paths that
decrease the shunt resistance.
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Figure 5.10: Graph of I-V characteristic of CTJ cells that have passed and failed the I-V
standard, set by Emcore.
The use of one sun I-V characteristics helps to identify defected cells. These cells will be
eliminate them from the selection of CTJ cell that would be used in the module.
5.2.4 Optical Characterization
To optically characterize the units’ optics, spectral scans of the combined Fresnel lens and mod-
ified glass refractive secondary were taken. In Figure 5.11 a collection of intensity distributions
created by the optical subsystem are shown. It is shown that each optical set up has a different
illumination intensity distribution. This means that each cell will have different intensity illu-
mination distributions which may produce different currents with respect to each other. This
distribution is a result of the non-symmetric machining of the glass secondary on the sides.
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Figure 5.11: Intensity distribution scans of optical subsystem using glass refractive secondary.
A common feature between the scans is a central intensity region with a decrease in intensity
towards the sides. In Figure 5.11(a) and (c) shows a good intensity pattern, with little variation
occurring across the CTJ cell surface. This optical set up would be used for the optimal units.
Figure 5.11(b) shows the worst illumination intensity distribution. The profile shows a intense
region that decreases sharply to the sides. This will form a region of high intensity which,
shown in the previous chapter, is not good for the CTJ cell. This optical set up would be used
for the optically misalignment units. Figure 5.11(d) would be the best distribution, but has a
low intensity region on the left side of the scan. This extreme drop in intensity corresponded
to a chip present on the left side of the glass secondary. Therefore this secondary unit was
rejected.
The use of the optical characterization technique can help identify and eliminate defects in the
optical system of the unit and module. This will allow for a higher operational performance
from the optical system in the HCPV module.
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Applying these pre-introductory tests to the system, the performance and longevity of the
HCPV module will be assured.
5.3 Module Monitoring
5.3.1 Methodology
The cells that were characterized using the above methods where placed into 4 groups. Each
group comprised of 2 CTJ cells, a good CTJ cell with no defects paired with a CTJ cell with
a defect. These cell pairs were placed in the different operational modes as explained below.
To identify possible causes in the decrease in the performance of a HCPV module, controlled
stresses were introduced to the module shown in Figure 5.5(b).
The HCPV module were broken down into 4 operational modes, which comprised of :
• 2 units operating at an optimal setup. The optical alignment and thermal dispassion for
the unit was optimized to active the best performance (CELL 1 and 3),
• 2 units that are optical misaligned. The optical alignment was purposely misaligned to
give a non-uniform intensity pattern (CELL 7 and 9),
• 2 units that are thermally stressed. No heatsink was implemented in the unit for thermal
dissipation (CELL 6 and 8), and
• 2 units that had a reduction in irradiance. The conditions of the units are the same as
the optimal set up, but at a lower concentration (CELL 2 and 4).
Each mode had a good cell (1, 4, 6, 9) which had little or no detected defects, and a bad cell
(2, 3, 7, 8) with defects that were identified in Section 5.2.
The module was placed on the two-axis tracker for a period of 2.5 months operating in short
circuit while receiving 228 kW.h of energy (228 sun hours). I-V characteristics were taken for
each CTJ cell at set sun hour intervals (depending on the prevailing weather). Additionally,
module I-V characteristics were taken to show the effect of these modes on the power output
in a operational HCPV module. After the 2.5 month period, the CTJ cells were removed
and electroluminescence measurements were taken. The results were compared to previous
measurements to see if any form of delamination occurred in the InGaP layer.
5.3.2 Results
The results that follow show the effect of the operational modes on the good CTJ cells. Addi-
tionally, visual inspection of the bad cells will be performed to see if new defects were created
by operating at concentration.
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5.3.2.1 I-V Characteristics
Since the I-V curves were taken at different irradiance values and hence different concentrations,
the best way to compare the curves over time is to normalize the current and voltage with
respect to Isc and Voc. This is because both Isc and Voc are functions of concentration.
In Figure 5.12 the normalized I-V characteristics at different sun hours show the effect of the
optimized set up on CELL 1 operating for the 2.5 month period. There is little variation seen
in the I-V characteristics of the CTJ cell. As expected, good thermal dissipation and optical
alignment has offset mechanisms that can cause a decrease in the performance of the CTJ cell.
Figure 5.12: I-V characteristics for CELL 1 at different sun hours for the optimal unit set up
and showing little variation in I-V characteristics.
In Figure 5.13 the normalized I-V characteristics at different sun hours shows the effect of the
reduced irradiance set up on CELL 4 operating for the 2.5 month period. Similar to the optimal
profile, the I-V characteristics over time showed little variation.
Hence to achieve optimal operation of the module, a good optical alignment and thermal
management is imperative for a CTJ cell.
CHAPTER 5. HCPV MODULE II 78
Figure 5.13: I-V characteristics for CELL 4 at different sun hours for the reduced irradiance
unit set up and showing little variation in I-V characteristics.
In Figure 5.14 the normalized I-V characteristics at different sun hours shows the effect of
optically misalignment on CELL 9 operating for a 2.5 month period. As time of operation
increases, there is a noticeable change in the I-V characteristics. This shift in the knee is
attributed to a decrease in shunt resistance possible caused by induced defects in the CTJ
cell resulting from the non-uniform intensity distribution. This decrease will reduce the power
production of the CTJ cell with prolonged exposure.
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Figure 5.14: I-V characteristics for CELL 9 at different sun hours for the optically misaligned
unit set up.
In Figure 5.15 the normalized I-V characteristics of CELL 6 shows the effect of the thermally
stressed unit set-up operating for the 2.5 month period. Operating the CTJ cells at tempera-
tures 50oC above ambient will cause a decrease in performance with the increase in exposure
time.
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Figure 5.15: I-V characteristics for CELL 6 at different sun hours for the thermally stressed
unit set up.
The degradation in series resistance is due to prolonged exposure at high operational temper-
ature of the CTJ cell [16]. This will result in a decrease in power with increased exposure
time.
It is also noted in Figure 5.14 and Figure 5.15 that around the 0.83 mark on the x axis, a small
kink is seen (shown by the red circle). This kink is possibly due to the breakdown of one of
the subcells in the CTJ cell. Since the kink appears at a voltage of 2.42 V and the Ge has the
smallest voltage of 0.2 V [4], it is proposed that it is the Ge subcell that is undergoing break-
down. If the breakdown occurred in any other subcell, the kink would be seen at a V < Vmax
because both the other subcells have voltages greater than 1 V. The direct cause of the kink is
not certain. However, it can be deduced that a CTJ cell under some form of prolonged stress
will show some form of subcell breakdown. It is proposed that this defect is due to thermal
stresses. Optical misalignment, even with a sufficient heatsink will generate temperature gra-
dient regions within and between the subcell layers. These temperature gradients will have a
negative effect on the subcell and could cause breakdown of a subcell.
5.3.2.2 Electroluminescence
Figure 5.16 shows the before and after electroluminescence pattern for the CTJ cells that showed
defects. The green and blue markings show the defects before and after operation, respectively.
It is seen that the defects noted beforehand in the pre-monitoring tests were still present and
no further enhancements in the defects, nor a decrease in the radiative recombination, hence
free carrier concentration, was seen.
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Figure 5.16: Electroluminescence pattern from InGaP subcell taken before and after operating
for 2.5 month period, showing the defects highlighted in blue.
Compared to the electroluminescence patterns from the reflective secondary seen in Figure 4.18,
an advantage of the use of the refractive secondary is seen . The refractive secondary used in
this advanced module distributes the concentrated sunlight more symmetrically with in the cell
area. Additionally, as the secondary is in contact with the CTJ cell, the formation of deposits
are eliminated. The glass secondary also acts as a form of heatsink for the surface of the CTJ
cell that dissipates heat away from it. A combination of these features shown by the refractive
secondary have shown no induced defects or cell damage. This means that the cell can operate
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longer without failure and the need to be replaced.
5.3.2.3 Effect of Induced Defects on a HCPV Module
If these features shown above are not detected and are allowed to be introduced, power and
performances losses will occur into the HCPV module. In Figure 5.17 the I-V characteristics
show the power loss due to the artificially introduced stresses. It is evident from the graph
that the simulated I-V curve would be the ideal curve, however due to the individual CTJ cells
operating under different modes, a reduced I-V curve is measured.
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Figure 5.17: The performance difference of a HCPV module with introduced stresses.
Due to the module having bypass diodes across each CTJ cell, 4 distinct kinks are seen in
the I-V curve caused by the bypass of excess current through the cells in a series connected
module. It can be seen that cells that are under the same operational conditions, i.e. thermally
stressed or optimal, are paired and operate well together. However, a group of cells in a module
operating at different conditions will shows a decrease in power from a module. The kinks
in the I-V shows were current is bypassed by the bypass diodes because of current mismatch
between the CTJ cells. The simulated I-V curve shows the best case where the optics, cells
and thermal dissipation would be working optimally. The main feature seen is the difference
in the power output for each module. The measured HCPV module produced a power output
of 41 W while the simulated module would produce 62 W . The power difference amount to 32
% more than the measured.
This is a clear indication for the importance to perform these pre-monitoring test to identify
possible defects in the system.
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5.4 Conclusion
It can be concluded from this chapter that the selection process for the CTJ cells and the
characterization of the optical elements are important aspects that must be considered when
designing a HCPV module. Visual inspection identified cells that have surface defects such as
scratches, indentations and bubble that can, under concentration cause damage to the CTJ
cell. Electroluminescence identified cracks and defects in the InGaP layer and showed the free
carrier concentration before operation. The one sun I-V characteristic helped identify and
eliminate cells with defects in them that could not be detected visually. Intensity scans help to
characterize the intensity distribution incident on the cell and help eliminated cases of optical
misalignment.
Results from the 2.5 months operation of the HCPV module under different induced stress
conditions showed that cells 1 and 4 showed the best performance. This indicates that a
system with good optics and thermal dissipation will benefit the performance and longevity of
a CTJ cell.
However, the CTJ cell under optical misalignment and thermal stress showed a performance
decrease (power decrease). This was attributed to the decrease in shunt resistance and increase
in the series resistance of the the optical misaligned and thermally stress cell, respectively.
The artificially induced stress were shown on a module level in Figure 5.17. The effect of these
defects showed a decrease of 32 % in power when compared to a ideal module.
Chapter 6
Summary and Conclusion
The aim of the study was to design a high concentrator photovoltaic module. This comprised
of the designing, building and monitoring of the various concept HCPV modules. During the
course of the study, the optical, thermal and electrical subsystems were identified as being of
fundamental importance to the operation of a HCPV module. Investigations of these subsys-
tems lead to the design of a concept HCPV module (Module I). The lessons learned from this
initial design were implemented in the design of an improved module (Module II). The various
subsystems and modules are briefly summarized below, followed by conclusions from the study
and recommendations for future research and the design of a prototype HCPV module.
6.1 Optical Subsystem
Investigation into the performance of the optical elements within the subsystems (Fresnel lens
as well as reflective and refractive secondaries) showed an 85% transmission of the concentrated
sunlight. The main feature seen from the transmission spectrum was the prominent absorption
of energies in the InGaP wavelength region, which made up about 66% of the energy lost due
to absorption. This absorption causes the InGaP subcell to become current limiting in the
monolithic series connected CTJ cell.
The optical elements produced an illumination distribution across the CTJ cells’ surface with
regions of varying intensity levels on the CTJ cell. It was shown that a more uniform distri-
bution would benefit the current production from the CTJ cell. A high and uniform intensity
distribution will yield a higher the current production. An optically misaligned subsystem
would produce less current as well as cause cell damage of the CTJ cell due to the formation
of hot spots.
The irradiance intensity distribution was separated into the wavelength regions for each subcell.
From these profiles the current production of each subcell in the CTJ cell was determined by
comparing the spectral response of each subcell as specified by the manufacturer of the CTJ
cell. The InGaP subcell was identified as the current limiting subcell as it produced the smallest
current throughout the day.
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6.2 Thermal Subsystem
Calculations showed that a procedure of thermal dissipation needs to be implemented into
the HCPV module design, as the amount of heat that needs to be dissipated was 168 times
more than that of a traditional flat plate PV module. The implementation of a pre-determined
sized heatsink showed a reduction in cell temperature from 55 oC to 21 oC above ambient.
This resulted in an increase in the performance in the CTJ cell. It was also noted that the
temperature profile followed the irradiance profile closely throughout the day.
6.3 Electrical Subsystem
It was shown that the performance of the CTJ cell was increased with increased concentration
up to 336 Xo. The Isc increased linearly with increased concentration while it was noted that
the Voc increases logarithmically with concentration. This increase allowed for cell efficiencies
of 38.4 % and a module efficiency of 24.2 % to be achieved. However, the performance of the
system reduced with increased temperature that resulted from increased concentration. Hence
a good thermal dissipation system needed to be introduced into the system to counteract the
performance losses due to increasing temperature
6.4 Module I
Using the knowledge gained from the investigation of the module subsystems, the first HCPV
module was built. This module comprised of an optical subsystem that uses a Fresnel lens and
truncated reflective secondary lens. During the 2 months of operation, continuous maintenance
was needed to clean dust and dirt from the reflective secondary and was not practical for
long-term performance.
It was noted that the configuration of the optical subsystem played a big role in the performance
of the CTJ cell. These configuration properties include the uniformity distribution of the
irradiance and spectrum, the formation of hotspot due to non-uniformities and current limiting
of the InGaP subcell due to absorption.
The electroluminescence patterns from some of the CTJ cells showed regions of non-radiative re-
combination that indicate defects created in the CTJ cell due to high non-uniform concentration
distribution levels. Other cells showed cell damage resulting from bubbles in the encapsulation
epoxy layer bursting and exposing the CTJ cell to the elements.
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6.5 Module II
The knowledge gained from shortfalls observed in Module I was used to design an advanced
HCPV module.
This advanced module comprised of 8 units (each unit consisting of a single Fresnel lens,
refractive secondary, CTJ cell and heatsink) integrated to form the module. Pre- exposure
monitoring tests were introduced to identify defects in the CTJ cell in order to eliminate
faulty cells. Selected CTJ cells were placed in different pre-determined operational modes and
monitored for a period of 2.5 months (228 sun hours).
The best performance was seen from the cells that were optically aligned and with marginally
reduced concentration. Little degradation was observed in their I-V characteristics. Cells
operating under thermal stress and optical misalignment showed a progressive decrease with
prolonged operational exposure. If thermal stresses and optical misalignment were allowed to
be introduced into an operational HCPV module, the performance of the system would decrease
substantially, when compared to the ideal module.
Electroluminescence measurements after the outdoor exposure revealed no further enhancement
of existing defects or new defects.
It was also observed that prolonged exposure to thermal stress and optical misalignment gave
rise to a feature in the cells’ I-V characteristic curve that may be attributed to the breakdown
of the Ge subcell in the CTJ cells.
6.6 Design Recommendations
In conclusion, to ensure the best design and to achieve the best performance from a HCPV
module, it is recommended that:
• Characterisation of the optics and CTJ cells are preformed to identify faulty optical
elements and cells before introducing them into an operational HCPV module.
• The design incorporates a single Fresnel lens array set-up, similar to Module II, as it is
cheaper to replace a single lens than a parquet array.
• The characterisation of the spectral content of the light that is incident on the cell surface
will aid the development of a subcell structure that is current matched under concentra-
tion. Current matched subcells will not allow the limiting cell to become reversed biased
and consequentially damaged.
• The design should include individual units such that if one CTJ cell unit fails, it is easily
removed and replaced without the whole HCPV module been dismantled.
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• The design of the secondary, CTJ cell and heatsink as a unit will benefit the performance
of the HPCV module in units can be classified and grouped together. Similarly matched
units would reduce the effects of current mismatch in a HCPV module.
The implementation of these recommendations in the design of a HCPV module will allow for
a module that is reliable, cost effective and offers a high performance.
Appendix A
LabVIEW Intensity Profile Programme
The following pages contain the LabVIEW front panels used to obtain irradiance and spectral
intensity distributions across the CTJ cell’s surface. The programme consists of panels that
deals with scanning dimensions, real time measurements and the final distribution.
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